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ABSTRACT 
Forests of the northeastern U.S. help maintain water and air quality by reducing 
losses of nitrogen (N) into nearby waterways and removing carbon dioxide (CO2) from 
the atmosphere. However, carbon (C) and N retention in northeastern forests may 
decrease in response to projected changes in climate, including reductions in winter 
snowpack and increased soil freezing. Together, these climatic changes may damage tree 
roots and alter soil processes. Few studies have investigated the extent to which 
snowpack and soil frost drive C and N fluxes during spring snowmelt, a 
biogeochemically important period. Similarly, little is known about how changes in 
winter climate affect above- and belowground CO2 fluxes to the atmosphere. My 
dissertation combines laboratory and field experiments to quantify the effects of reduced 
snowpack and increased soil freezing on C and N cycling in northeastern forests. I 
conducted a laboratory experiment to study the effects of soil freezing on C and N losses 
during snowmelt. Organic horizon soils collected from mixed Acer saccharum-Fagus 
grandifolia and Picea rubens-Abies balsamea forests were incubated in severe, mild, and 
vii 
no soil frost conditions prior to snowmelt. Results show that losses of N in leachate, as 
well as total C and N fluxes (gases + leachate), were reduced following severe soil frost, 
indicating the response to winter climate depends on both the presence and severity of 
soil frost. I also implemented a snow removal experiment in a mixed Quercus rubra-Acer 
rubrum forest at Harvard Forest, MA to quantify the effects of depth and duration of 
snowpack and soil frost on CO2 losses from tree stems and soils. This study provides 
evidence that reduced snowpack and increased soil freezing may increase annual soil 
CO2 efflux, but have no significant effect on tree stem CO2 efflux. Taken together, 
results from my dissertation highlight the importance of winter climate as a driver of C 
and N fluxes in northeastern forests and suggest that while soil frost reduces C and N 
losses during snowmelt, annual losses of CO2 may increase Future studies investigating 
controls on C and N cycling in northeastern forests should account for changes in winter 
climate. 
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INTRODUCTION 
 
Human activities, such as fossil fuel combustion, cement production, 
deforestation and agriculture produce large quantities of greenhouse gases, including 
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Concentrations of CO2, 
the most abundant and climatically important of these greenhouse gases, have increased 
by 40% since pre-industrial times and recently exceeded concentrations of 400 ppm CO2 
(NOAA Earth System Research Laboratory), a level higher than at any point in the last 
800,000 years of the earth's history (IPCC 2013). These changes to the chemistry of the 
atmosphere have increased global temperatures by nearly 1 °C since the late-1800s; a 
rate of warming that is unprecedented in at least the last 16,000 years, and this trend is 
projected to continue (Jansen et al. 2007; IPCC 2013). The climate of the northeastern 
U.S. has warmed by 0.75 °C since 1970 and climate models project additional warming 
between 2.9 and 5.3 °C and by the year 2100 and this will be associated with a reduced 
depth and duration of the winter snowpack (Hayhoe et al. 2007; Campbel et al. 2010).  
Snow insulates the underlying soil from freezing winter air temperatures, thereby 
moderating the subnivian microclimate and acting as an important regulator of soil frost 
dynamics. Reductions in snow cover can result in colder soil temperatures and greater 
severity of soil freezing (Boutin et al. 1994; Hardy et al. 2001; Decker et al. 2003; Öquist 
and Laudon 2008), which will likely alter carbon (C) and nitrogen (N) cycling. Because 
seasonal snow cover encompasses nearly 40% of the land in the northern hemisphere 
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(Zhang et al. 2003), changes in snow cover may affect ecosystem processes across a 
large geographic area.  
Mid-latitude ecosystems, such as temperate deciduous forests, are near the 
southern edge of the maximum extent of seasonal snow cover in the northern hemisphere 
and may therefore, be the most imminently affected by reductions in the depth and 
duration of winter snowpack. Temperate deciduous forest ecosystems play an important 
role in C and N cycling by mediating losses of N and dissolved organic C (DOC) into 
nearby waterways, sequestering C and exchanging large amounts of CO2 with the 
atmosphere through respiration and photosynthesis. However, reductions in winter 
snowpack and increased soil freezing may reduce the capacity for C and N retention in 
temperate forests. Over past two decades, a combination of field and laboratory 
experiments have greatly improved our understanding of the potential implications of 
winter climate change on C and N cycling and plant functioning in ecosystems of 
seasonally snow covered regions. However, relatively little is known about the extent to 
which reduced snowpack and increased soil freezing may alter C and N fluxes during 
snowmelt or the separate components of forest ecosystem respiration. 
Spring snowmelt can be a particularly important time of year for C and N fluxes 
in regions with a persistent snowpack. During the snowmelt period solutes such as nitrate 
(NO3-) and DOC that accumulated in the snow pack and soil over the winter are flushed 
(Rascher et al. 1987) and, coupled with rising soil temperatures, may stimulate microbial 
biomass production (Brooks et al. 1998), mineralization, nitrification (Racher et al. 
1987), and losses of CO2 (Monson et al. 2006; Pacific et al. 2008) and nitrous oxide 
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(Goodroad and Keeney 1984; Maljanen et al. 2007; Desjardins et al. 2010; Goldberg et 
al. 2010). The N and DOC mobilized during snowmelt can make important contributions 
to the annual stream water export of these elements from northern forest ecosystems 
(Årgen et al. 2008; Christopher et al. 2008; Sebestyen et al. 2008). For example, Likens 
and Bormann (1995) found that NO3- export during spring snowmelt accounted for 69% 
of the annual export from a northern New England watershed. Despite the importance of 
snowmelt in C and N cycling, little is known about the effects of soil freezing severity on 
losses of C and N during this period. 
Previous studies show that soil freezing results in increased losses of inorganic N 
at the plot scale (Fitzhugh et al. 2001; Groffman et al. 2006, Callesen et al. 2007; 
Goldberg 2010), which is attributed to reduced N uptake by tree roots (Campbell et al. 
2014), but no clear link has been made between soil frost and watershed export of 
inorganic N (Fitzhugh et al. 2003). Impacts of soil frost on DOC and dissolved organic N 
are complex with variable results (Austnes et al. 2008; Austnes and Vestgarden 2008). 
For example, snowpack manipulation experiments have shown that DOC losses are 
positively correlated with soil frost severity (Hentschel et al. 2008; Haei et al. 2010), but 
mild soil frost (0 to -5 ºC) has no impact on losses of DOC in leachate (Fitzhugh et al. 
2001; Hentschel et al. 2009). 
Ecosystem respiration represents the largest loss of C in temperate forests and 
plays an important role in the net C balance in forest ecosystems (Valentini et al. 2000). 
Sources of ecosystem respiration include tree stems, branches, and foliage, and soil 
respiration, which is the sum of heterotrophic decomposition of soil organic matter 
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(hereafter referred to as ‘bulk’ respiration) and respiration from roots and and 
heterotrophs in the rhizosphere (hereafter referred to as ‘root-rhizosphere’ respiration). 
Environmental variables, such as climate, strongly influence ecosystem respiration 
(Goulden et al. 1996). However, the sources of ecosystem respiration may have different 
responses to climate conditions and quantifying these differences is important to project 
the response of C storage in forests to climate change.  
Soil respiration contributes approximately 70% of CO2 losses in temperate forests 
(Janssens et al. 2001). The relative contributions of the components of soil respiration 
vary considerable across forest ecosystems (Hanson et al. 2000), but root-rhizosphere 
respiration has been shown to contribute approximately 20 to 50% of soil respiration in 
forests of the northeastern U.S. (Bowden et al. 1993; Fahey et al. 2005; Melillo et al. 
2002). The bulk and root-rhizosphere components of soil respiration rely on different 
sources of substrate (Kuzyakov 2006), which may drive varying responses to changes in 
climate. For example, bulk respiration relies on decomposition of organic matter while 
root-rhizosphere respiration depends on C allocated from photosynthesis. 
Past studies that have examined the effects of a reduced snowpack on soil 
respiration indicate a varied response to increased depth and duration of soil frost. 
Individual studies show that a reduced snowpack both increases (Maljanen et al. 2010) 
and decreases (Öquist and Laudon 2008; Haei et al. 2013) rates of total soil respiration in 
boreal forests. In contrast, no significant effect has been observed in temperate forests 
experiencing deep (Groffman et al. 2006) or shallow soil frost (Schindlbacher et al. 
2014). However, these studies did not investigate the separate response of the different 
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components of soil respiration. Relatively little is known about the response of bulk and 
root-rhizosphere respiration to winter climate change and the few studies that have 
separated these components report contrasting results. For example, soil freezing and 
colder winter soils have been shown to increase or decrease both bulk and root-
rhizosphere respiration (Muhr et al. 2009; Haei et al. 2013).  
Aboveground respiration is also an important source of CO2 in temperate forest 
ecosystems and respiration of cells in woody tissues, such as tree stems, comprises up to 
50% of aboveground losses of CO2 (Edwards et al. 1981). Tree stem CO2 efflux is the 
product of CO2 produced locally from respiring tissues in the sapwood and cambium of 
the stem and from root-respired CO2 transported through the xylem in the transpiration 
stream (Trumbore et al. 2013). The process of stem efflux is an important CO2 flux in 
forest ecosystems, which can lead to CO2 losses equivalent to 10 to 20% of GPP, 
although estimates as high as 30 to 40% have been reported (see review by Litton et al. 
2007). 
Previous research has shown that reduced snowpack and increased soil freezing 
can adversely impact trees in temperate forests by reducing root vitality (Tierney et al. 
2001; Comerford et al. 2013), as well as N uptake by trees (Campbell et al. 2014) and 
lead to reductions in terminal shoot elongation, foliar Ca:Al ratios, and concentrations of 
foliar non-structural carbohydrates (Comerford et al. 2013). If negative effects of soil 
freezing on aboveground tree tissues impair respiration and/or photosynthesis, it is 
possible that rates of stem CO2 efflux could be reduced as well due to its close coupling 
with the supply of recently produced photosynthate (Edwards and McLaughlin 1978; 
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Wertin and Teskey 2008; Maier et al. 2010; Clinton et al. 2011) and root respiration 
(Trumbore et al. 2013). 
Globally, forests and other terrestrial ecosystems currently take up 25% of 
anthropogenic CO2 emissions. In the northeastern U.S., forests are typically considered 
to be C sinks (Turner et al. 1995; Fan et al. 1998; Houghton et al. 1999; Goodale et al. 
2002) containing more than 15% of the U.S. forest C pool (Heath et al. 2003) and play an 
important role in offsetting this region’s greenhouse gas emissions (Lu et al. 2013). 
Similarly, the region’s forests play an important role in regulating water quality by 
mediating losses of C and N into waterways. However, changes in climate may affect the 
ability of the region’s forest to store C and maintain water quality. The objectives of my 
dissertation research are to understand the potential impacts of winter climate change on 
(1) C and N fluxes during the critical snowmelt period and (2) below- and (3) 
aboveground sources of CO2 from temperate forest ecosystems. 
 
Chapter 1, Severe soil frost reduces losses of carbon and nitrogen from the forest floor 
during simulated snowmelt: A laboratory experiment 
The spring snowmelt period is an important time of year for C and N losses from 
forest ecosystems. I conducted a laboratory experiment to determine the effects of soil 
frost on C and N fluxes from forest floor soils during snowmelt. Soil cores were 
collected from a sugar maple (Acer saccharum)-American beech (Fagus grandifolia) and 
a red spruce (Picea rubens)-balsam fir (Abies balsamea) forest at the Hubbard Brook 
Experimental Forest in New Hampshire, U.S.A. These two forest types were chosen 
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because they comprise most of the northern New England landscape. Soil cores were 
incubated in one of three different temperature treatments (-15, -0.5, and +5 °C) before 
being subjected to a simulated snowmelt. This study tests the hypotheses that (1) total 
losses of C and N (leachate + gaseous losses) are positively correlated with soil frost 
severity, (2) fluxes of C and N from the hardwood forest soils are greater than conifer 
forest soils, and (3) gaseous losses of C and N increase throughout the snowmelt period 
as soil temperatures increase.  
  
Chapter 2, Longer duration of soil frost leads to increased soil losses of CO2 from a 
temperate deciduous forest 
Soil respiration represents a significant loss of CO2 from forest ecosystems. I 
conducted a snow removal experiment in a mixed red oak (Quercus rubra)-red maple 
(Acer rubrum) dominated forest at Harvard Forest in Massachusetts, USA to quantify the 
effects of a reduced winter snowpack and increased soil frost on total soil respiration and 
its bulk and root-rhizospheric components. This forest type was chosen because it 
represents a significant proportion of the central New England landscape. Snow 
accumulated naturally in reference plots, but was removed from treatment plots during 
the first five weeks of the 2010/2011 and 2011/2012 winters to induce soil freezing. Soil 
respiration was measured year-round to test the hypothesis that reduced snowpack and 
increased soil freezing reduce rates of bulk soil respiration and increases root-rhizosphere 
respiration to a lesser extent resulting in a net reduction in annual soil losses of CO2.  
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Chapter 3, Effects of winter climate change on the contribution of stem efflux to 
ecosystem CO2 losses in a temperate deciduous forest 
Aboveground autotrophic respiration from woody tissues, such as tree stems, 
makes important contributions to forest ecosystem losses of CO2.  I used the snow 
removal experiment described in Chapter 2 to measure growing season losses of CO2 
(i.e. stem efflux) from red oak and red maple tree stems. Stem efflux was measured to 
test the hypotheses that (1) reduced snowpack and increased soil freezing diminishes 
rates of stem CO2 efflux from red maple and red oak trees, but the effect is stronger in 
maple trees and (2) stem CO2 efflux makes a small, but important contribution to 
ecosystem CO2 losses relative to soil respiration. 
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CHAPTER 1 
SEVERE SOIL FROST REDUCES LOSSES OF CARBON AND NITROGEN 
FROM THE FOREST FLOOR DURING SIMULATED SNOWMELT:  
A LABORATORY EXPERIMENT 
 
ABSTRACT 
Considerable progress has been made in understanding the impacts of soil frost on 
carbon (C) and nitrogen (N) cycling, but the effects of soil frost on C and N fluxes during 
snowmelt remain poorly understood. We conducted a laboratory experiment to determine 
the effects of soil frost on C and N fluxes from forest floor soils during snowmelt. Soil 
cores were collected from a sugar maple (Acer saccharum)-American beech (Fagus 
grandifolia) and a red spruce (Picea rubens)-balsam fir (Abies balsamea) forest at the 
Hubbard Brook Experimental Forest in New Hampshire, U.S.A. Soils were exposed to 
one of three temperature treatments, including severe (SSF; -15 ºC), mild (MSF; -0.5 ºC), 
and no soil frost (NSF; +5 ºC) conditions. After one week the soils were incubated at +5 
ºC and snow was placed on top of the soils to simulate spring snowmelt. NO3- losses 
were up to 5.5 mg N kg-1 soil greater in the MSF treatment than the SSF treatment. Net 
losses of NH4+ and DON in leachate were up to 19 and 18 mg N kg-1 soil greater in the 
NSF and MSF treatments, respectively, than the SSF treatment. In contrast, soil frost did 
not have a significant impact on dissolved organic C or cumulative gaseous fluxes of C 
and N throughout the snowmelt period. However, the total cumulative flux of C (i.e. 
dissolved organic C + CO2 + CH4) and N (i.e. dissolved organic N + NH4 + NO3 + N2O) 
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in the SSF treatment were between one quarter and one half that observed in the NSF 
treatment for both forest types. Together, the results of this study show that total fluxes of 
N in leachate, as well as total cumulative C and N fluxes (gases + leachate), were 
significantly reduced following severe soil frost. We conclude that the extent to which C 
and N cycling during snowmelt is altered in response to changes in winter climate depend 
on both the presence and severity of soil frost.  
 
INTRODUCTION 
Biological processes during winter in seasonally snow-covered ecosystems have been 
increasingly recognized for their contribution to annual fluxes of carbon (C) and nitrogen 
(N; Groffman et al. 2006; Monson et al. 2006; Judd et al. 2007; Filippa et al. 2009). The 
snow pack in winter insulates soil from below-freezing air temperatures, which facilitates 
a significant amount of biological activity (Groffman et al. 2001; Campbell et al. 2005). 
Northern forest ecosystems typically experience a deep and persistent snow pack, but 
future changes in climate may alter snow pack dynamics and thus winter soil 
temperatures. Climate projections for the northeastern U.S. indicate that annual air 
temperatures will increase by 2.9 to 5.3 °C during the 21st century accompanied by a 12-
30% increase in winter precipitation with a higher ratio of rain to snow than what is 
currently observed (Hayhoe et al. 2007). These changes in climate are expected to 
decrease the depth and duration of the winter snow pack. Snow removal experiments 
indicate an inverse relationship between snow depth and soil frost (Boutin and Robitaille 
1994; Groffman et al. 2001; Decker et al. 2003). However, analyses of historical data 
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suggest that warmer winters could result in either an increase or decrease in the frequency 
of soil frost (Lindström et al. 2002; Zhao et al. 2004; Henry 2008). Models that 
incorporate soil frost dynamics predict that warmer winters may result in fewer days with 
soil frost (Venäläinen et al. 2001; Campbell et al. 2010), although mid-winter soil frost 
may become more common (Venäläinen et al. 2001). Because changes in winter climate 
are likely to alter below-ground temperature regimes, it is important to understand how 
changes in soil frost dynamics could impact forest processes such as C and N cycling.  
Considerable progress has been made in recent years in understanding the 
potential response of C and N cycling to changes in soil frost. For example, studies show 
that soil frost results in increased losses of inorganic N at the plot scale (Fitzhugh et al. 
2001; Groffman et al 2006, Callesen et al. 2007; Goldberg 2010), but no clear link has 
been made between soil frost and watershed export of inorganic N (Fitzhugh et al. 2003). 
Soil frost has been shown to have either no effect on annual CO2 fluxes (Matzner and 
Borken 2008; Groffman et al. 2006) or a reduction in growing season CO2 fluxes (Muhr 
et al. 2009). Soil frost may enhance stabilization and retention of soil organic matter 
(SOM; Matzner and Borken 2008; Schmitt et al. 2008; Steinweg et al. 2008). Impacts of 
soil frost on dissolved organic C (DOC) and N (DON) are complex with variable results 
(Austnes et al. 2008; Austnes and Vestgarden 2008). For example, soil frost manipulation 
experiments have shown that severe soil frost (< -8 ºC) increases DOC losses in leachate 
upon thawing of frozen soils (Hentschel et al. 2008), while mild soil frost (> -5 ºC) has 
no impact on losses of DOC in leachate (Fitzhugh et al. 2001; Hentschel et al. 2009). A 
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positive correlation has been observed between soil frost severity and concentrations of 
soil solution DOC during the growing season (Haei et al. 2010).   
In regions with a persistent snow pack, spring snowmelt can be a particularly 
important time of year for C and N fluxes. During this period solutes such as NO3- and 
DOC that accumulated in the snow pack and soil over the winter are flushed (Rascher et 
al. 1987) and, coupled with rising soil temperatures, may stimulate microbial biomass 
production (Brooks et al. 1998), mineralization, nitrification (Racher et al. 1987), and 
losses of CO2 (Monson et al. 2006; Pacific et al. 2008) and N2O (Goodroad and Keeney 
1984; Maljanen et al. 2007; Desjardins et al. 2010; Goldberg et al. 2010) during the 
spring snowmelt period. The N and DOC mobilized during snowmelt can make important 
contributions to the annual stream water export of these elements from northern forest 
ecosystems (Årgen et al. 2008; Christopher et al. 2008; Sebestyen et al. 2008). For 
example, while soil retention of NO3- during the winter can be high (96% of combined 
deposition and soil production; Judd et al. 2007), Likens and Bormann (1995) found that 
NO3- export during spring snowmelt accounted for 69% of the annual export from a 
northern New England watershed.  
Despite the advances made in our understanding of the relationships between 
winter climate and C and N cycling, relatively little is known about the effects of soil 
frost on C and N fluxes in soils during the dynamic and temporally variable spring 
snowmelt period (Groffman et al. 2006; Hentschel et al. 2009; Muhr et al. 2009). 
Laboratory experiments provide an opportunity to control environmental variables such 
as soil temperature, while facilitating frequent sampling, but we are not aware of any 
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controlled laboratory studies that have examined the impacts of soil frost on C and N 
fluxes during snowmelt. Therefore, we conducted a laboratory experiment to simulate a 
spring snowmelt after exposing organic forest soils to one of three temperature 
treatments. Since forest composition can play an important role in C and N cycling 
(Janssens et al. 1999; Buchman 2000; Fahey et al. 2005; Templer et al. 2005; Christopher 
et al. 2008) we used soils collected from two dominant forest types at the Hubbard Brook 
Experimental Forest (HBEF) in New Hampshire, U.S.A. to compare their responses to 
changes in soil frost. We hypothesized that (1) total losses of C and N (leachate + 
gaseous losses) would be greatest in the severe soil frost (-15 ºC) treatment, intermediate 
in the mild soil frost (-0.5 ºC) treatment, and smallest in the treatment without soil frost 
(+5 ºC), (2) there would be greater fluxes of C and N from the hardwood forest soils 
compared to the conifer forest soils, and (3) gaseous losses of C and N would increase 
throughout the snowmelt period as soil temperatures increase.  
 
METHODS 
Field sampling 
This study was conducted using soils from HBEF that were collected from two 
common northern forests; a low elevation (500 m) hardwood forest dominated by sugar 
maple (Acer saccharum Marsh.) and American beech (Fagus grandifolia Ehrh.) and a 
high elevation (1000 m) conifer forest dominated by red spruce (Picea rubens Sarg.) and 
balsam fir (Abies balsamea [L.] Mill). Soils at HBEF are well-drained, base-poor 
spodosols with a mor organic horizon that averages 7 cm thick (Johnson et al. 1997). The 
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climate is cool, humid, and continental with a continuous winter snow pack that typically 
lasts from December to mid-April. The average soil temperature in the organic horizon 
during winter is ~0 ºC.  
In November 2008, soil cores (7.6 cm diameter; 5 cm depth) were excavated from 
the organic horizon (Oi + Oe + Oa) in one stand from each of the two forest types (n=15 
cores for each forest type). Following excavation, soil from each core was placed in a 
PVC pipe (55 cm height; 7.6 cm diameter; hereafter referred to as ‘PVC column’) that 
was fitted at the bottom with a slip cap. Each PVC column was placed vertically in the 
soil in the same location where its respective sample was excavated. The slip cap had a 1 
cm diameter hole drilled at the bottom to allow water to drain freely from each PVC 
column. Each PVC column was left in situ to allow the soils to equilibrate in the PVC 
columns prior to harvesting in March 2009. 
 
Experimental treatments 
Upon removal from the field, the PVC columns were transported to a laboratory 
where soils from three of the columns from each forest type were removed to determine 
soil moisture content (see section 2.5 for details). The remaining 12 PVC columns from 
each forest type were exposed to one of three temperature treatments (n = 4 PVC 
columns for each temperature treatment for each forest type). These treatments included 
severe (SSF; -15 ºC), mild (MSF; -0.5 ºC), and no soil frost (NSF; +5 ºC) conditions. 
Within each temperature treatment, the four PVC columns per forest type were placed in 
open-top bins that were surrounded by foam insulation to enable top-down changes in 
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soil temperature similar to field conditions. A layer of organic soil filled the space around 
each PVC column to a depth that was consistent with the top of the soils within each 
PVC column. Following one week of treatment, all of the columns were moved into a +5 
ºC refrigerator and 857 g of snow (equivalent to 35 cm snow pack depth) was placed on 
top of the soil in each PVC column to simulate spring snowmelt. Snow was also added 
around the PVC columns to the same depth as the snow within the columns to create an 
insulating snow pack. 
 
Gas Sampling During Laboratory Experiment 
Fluxes of CH4, CO2, and N2O from soils and snow were quantified using the 
closed static chamber method (Lundegårdh 1927). Headspace air samples were collected 
from each PVC column during the following times: immediately after snow was placed 
on the soil surface (day of year (DoY; 70), after one-third of the snow had melted (DoY 
73), after two-thirds of the snow had melted (DoY 76), immediately after all of the snow 
had melted (DoY 80), and on DoY 83 and 89. Gases were sampled by placing caps over 
the PVC columns to create a closed chamber. Four 40 ml samples were collected during a 
one hour incubation (0, 20, 40, and 60 minutes) using a polyethylene syringe and needle 
that was inserted into the chamber through a septum. After collecting each sample, 10 ml 
were ejected into the air and the remaining 30 ml were injected into evacuated 20 ml 
glass vials and stored at room temperature prior to analysis by gas chromatography on a 
Shimadzu GC-2014. CH4, CO2, and N2O were measured with flame ionization, thermal 
conductivity, and electron capture detectors, respectively.  
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Headspace was quantified as the volume between the top of the snow pack and 
the top of the chamber; headspace volume therefore varied as the snow melted, but was 
taken into account. Trace gas fluxes were calculated based on the linear rate of change in 
the mass of each gas in the chamber. Fluxes were not corrected for temperature and 
pressure at the time of sampling since these variables did not vary among treatments or 
throughout the experiment. Regressions that were not significant were included to avoid 
any biases that could be caused by setting non-significant regressions to zero (sensu 
Groffman et al 2010). The cumulative flux of each gaseous compound throughout the 
experimental period was calculated by summing the estimated gas flux of each compound 
between sampling periods. The gas flux between sampling periods was calculated by 
multiplying the mean flux of two consecutive sampling periods by the time that elapsed 
between them. 
The closed chamber method is commonly used to measure fluxes of multiple 
gases, but it can create artifacts that need to be considered when calculating fluxes. These 
artifacts include the disruption of natural pressure gradients across the soil-atmosphere 
interface (Hutchinson and Mosier 1981; Livingston et al. 2006) and possible reductions 
in headspace volume when air samples are removed. We used a micromanometer 
(Infiltec DM-4) with an independent set of chambers to quantify differences in pressure 
between inside and outside the chamber. Our test results indicate that capping the 
chamber produced a short-lived internal pressure change that may have affected our T0 (0 
minutes) sample, but was alleviated before collection of the T1 (20 minutes) sample. T0 
samples were, therefore, omitted from analyses and only data from the remaining three 
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sampling times were included. Also, when soil temperatures were less than 0oC, each air 
sample that was removed resulted in an internal pressure change that was not completely 
alleviated before the next air sample was collected, which effectively reduced the 
headspace volume. We therefore corrected the headspace volume based on soil 
temperature.  
 
Leachate and Snow Sampling During Laboratory Experiment 
Aqueous losses of C and N were measured by capturing leachate that drained 
from the hole at the bottom of each PVC column through tygon tubing and into a sample 
bottle located below the bin. Leachate samples were collected throughout the snowmelt 
period. We determined the amount of aqueous C and N in snow by melting three samples 
that were equivalent to the amount of snow we placed in each of the PVC columns (857 
g).    
Leachate and snow samples were filtered through pre-combusted (450 °C) glass-
fiber filters (0.7 µm pore size) immediately after they were collected and stored at 4°C 
until they were analyzed for DOC, total dissolved nitrogen (TDN), NO3-, and NH4+ (14 
days maximum). Concentrations of DOC and TDN were measured simultaneously using 
high temperature catalytic oxidation with chemiluminescent N detection (Shimadzu 
TOC-VCSH/TNM-1 analyzer), NO3- with ion chromatography (Metrohm 761), and NH4+ 
with automated colorimetry (SmartChem 200 Discrete Analyzer). DON was determined 
as the difference between TDN and dissolved inorganic nitrogen (DIN = NO3--N + NH4+-
N). Leakage from a subset of lysimeters prevented complete recovery of leachate from 
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some of the PVC columns, resulting in a sample size equal to two for total leachate fluxes 
for the three temperature treatments for RS-BF and the SSF temperature treatment for 
SM-AB.  
 
Soil Analyses 
After the laboratory experiment, inorganic N was extracted from a 10 g 
subsample of soil from each PVC column (n=9 from each forest type) with 60 ml of 2 M 
KCl. Soils with KCl were placed on a shaker table for 30 minutes and then filtered 
through a pre-rinsed Whatman 42 filter. The solution was measured on a Quik Chem 
8500 Lachat Autoanalyzer for NH4+, and NO2- and NO3- (hereafter NO3-). Soil C and N 
content in each PVC column were quantified after drying soils at 60 ºC for 48-72 hours, 
homogenizing the soil, and analyzing on a Costech ECS4010 Elemental Analyzer.  
Soil moisture was determined on both field moist samples harvested immediately 
upon sampling from the field (n=3 from each forest type) and on soils harvested from the 
PVC columns at the end of the laboratory experiment (n=9 from each forest type). The 
soils were dried at 60 oC until a constant weight was achieved (approximately 48-72 
hours) and soil moisture was determined with the following equation: 
Soil moisture (%) = 100 * [(wet soil mass – dry soil mass) * (wet soil mass)-1]. 
Soil bulk density was calculated by dividing the dry mass of each soil sample by its 
volume.  
Air and soil temperature within each of the three temperature treatments were 
measured throughout the experiment with thermistors and copper-constantan 
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thermocouples, respectively, connected to a data logger. Soil temperature was measured 
by inserting a thermocouple horizontally into the center of one side of one PVC column 
for each forest type in each temperature treatment (n=3 for each forest type). Temperature 
measurements were made at 10 second intervals and the five minute averages were 
logged. Only PVC columns without thermocouples were used for collecting gas and 
leachate samples (n=9 from each forest type). 
 
Statistical Analysis 
We examined the impact of sampling period, forest type, and temperature 
treatment on trace gas fluxes using repeated measures analysis of variance (ANOVA). 
Temperature treatment was designated as a random factor and sampling period and forest 
type as fixed factors. A two-way ANOVA was used to examine differences in cumulative 
trace gas fluxes, cumulative flux of C and N species in leachate, total C and N fluxes (i.e. 
sum of gaseous and aqueous fluxes), soil moisture, soil bulk density, and soil C and N 
content with treatment, forest type, and their interaction as main effects. Tukey’s HSD 
test was used to determine significant differences among the means. Total C and N fluxes 
were calculated only for PVC columns with leachate data. We subtracted C and N in 
leachate (aqueous losses) from snow (inputs) and considered there to be significant ‘net 
loss’ (negative values) or ‘net retention’ (positive values) of aqueous forms of C or N in 
soils if the values were significantly different than zero. Normality was tested with the 
Shapiro-Wilk test and equal variance with the Bartlett test. Non-normally distributed data 
were analyzed using a nonparametric Kruskal-Wallis test if transforming the data was 
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unsuccessful in correcting non-normality. All statistical analyses were conducted using 
SAS JMP software version 8.0.2 (2009) and α = 0.05 was used to determine significance. 
Standard error values are reported throughout this paper.  
 
RESULTS 
Soil Moisture and Temperature 
The soils reached their target temperatures within two days of being placed in 
their respective laboratory treatments (DoY 63). Within 24 hours of moving the PVC 
columns from their respective treatments to the +5 ºC refrigerator and adding snow (DoY 
70), the temperature of the soils converged between -1 and 0 ºC (Figure 1.1a). Soil 
temperatures in the NSF and MSF treatments had risen above freezing by DoY 78 (<2 
days prior to 100% snowmelt in all columns) and equilibrated with the air temperature (~ 
5 oC) by DoY 80. By contrast, soil warming in the SSF treatment lagged behind the other 
two treatments by approximately one week.  
The snowmelt period lasted approximately 10 days for all treatments (Figure 
1.1a). Melted snow drained freely from soils in the NSF and MSF treatments. However, 
pooling occurred inside the PVC columns of the SSF treatment, and the melted snow 
drained from these PVC columns within a 24 hour period by DoY 80. Soil moisture after 
the laboratory experiment was significantly higher than before the soils were placed in 
their respective temperature treatments (p < 0.0001), but these differences were small (< 
15%; Table 1.1). Following the laboratory experiment, soil moisture in the RS-BF soils 
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was significantly higher than in the SM-AB soils (p = 0.014), but these differences were 
also small (< 5%).  
 
Soil Carbon and Nitrogen Content 
Total soil C concentration following the laboratory experiment was significantly 
higher in the RS-BF soils than the SM-AB soils (p = 0.028; Table 1.1), while there was 
no significant difference in total N concentration or soil C:N among temperature 
treatments (p = 0.79 and 0.42, respectively) or forest types (p = 0.12 and 0.65, 
respectively). Bulk density (p = 0.0006) and soil NH4+ (p = 0.001) and NO3- (p = 0.022) 
concentrations were significantly greater in the SM-AB soils than the RS-BF soils. 
Across both forest types, soil NO3- concentrations were significantly higher in the NSF 
treatment than the SSF treatment (p = 0.011), while the MSF treatment did not differ 
from the other treatments (p > 0.05). Soil NH4+ concentrations were significantly higher 
in the SSF treatment than the other two temperature treatments for both forest types (p < 
0.0001).  
 
Trace Gas Fluxes   
In both forest types, fluxes of CO2 were small and often negative when the soil 
was covered with snow, but were consistently positive and significantly greater after the 
snow had melted (p < 0.05). CO2 fluxes from SM-AB soils were significantly higher in 
the NSF and MSF temperature treatments compared to the SSF temperature treatment 
immediately after snowmelt (DoY 80; p < 0.05). However, one week after snowmelt 
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(DoY 89) this pattern was reversed and the CO2 flux was significantly higher in the SSF 
temperature treatment relative to the MSF treatment (p = 0.0059; Figure 1.1b).  
The only significant differences in N2O fluxes were observed on DoY 89 when 
fluxes from soils in the NSF and SSF temperature treatments were significantly higher 
than the MSF temperature treatment for both forest types (p = 0.026 and 0.0079, 
respectively; Figure 1.2); however, none of the means were significantly different than 
zero (p > 0.05).  
Neither temperature treatment nor forest type had a significant effect on CH4 
fluxes (p = 0.79 and 0.98, respectively; Figure 1.3). Fluxes of CH4 were significantly 
higher on DoY 89 than DoY 76 across both forest types (p = 0.035). In addition, CH4 
fluxes from the SSF treatment on DoY 89 were significantly higher than on DoY 80 
across both forest types (p = 0.0084).  
 
Carbon and Nitrogen in Snow and Leachate 
Inputs of DOC from snow ranged between 5-10% DOC lost in leachate (p < 
0.0001; Table 1.1). DOC fluxes (snow minus leachate) tended to be lower in the SSF 
treatment relative to the other treatments in RS-BF forest soils and higher in SM-AB 
forest soils, but differences were not significant among temperature treatments or forest 
type (p > 0.05).  
Averaged across temperature treatments, NO3- and NH4+ concentrations in snow 
were significantly greater than they were in leachate for the RS-BF forest type (p = 
0.0002 and 0.001, respectively; Table 1.1). In contrast, in the SM-AB forest type NO3- 
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and NH4+ concentrations in leachate were significantly greater than they were in snow (p 
= 0.0013 and 0.014, respectively). Contributions of DON in snow were on average only 
6% of the content in leachate (p < 0.0001).  
Net retention and loss of N varied among temperature treatments and forest types. 
For example, both extractable NH4+ and NO3- and losses of NH4+ and NO3- in soil (e.g., 
soil NH4+flux in Table 1.1; snow minus leachate) were significantly greater in SM-AB than 
RS-BF soils (p = 0.001, 0.022, 0.0024 and <0.0001, respectively), but there was no 
significant difference in DON lost from soils among the two forest types (p = 0.59). 
Losses of NO3- in soils were significantly greater for the MSF treatment than the SSF 
treatment (p = 0.02), while the NSF treatment did not differ from the other two treatments 
for both forest types (p > 0.05). Losses of NH4+ were significantly greater in the NSF and 
MSF temperature treatments compared to the SSF temperature treatment (p = 0.0038), 
across both forest types. Net losses of DON were significantly greater following MSF 
and NSF compared to the SSF temperature treatments (p = 0.004) across both forest 
types. Net losses of TDN (i.e. NH4+-N + NO3--N + DON) from soils were greater from 
SM-AB soils than RS-BF soils, but this trend was only marginally significant (p = 0.05; 
data not shown). Net losses of TDN from soils were significantly greater in the NSF 
treatment compared to the SSF treatment (p = 0.015), but the MSF treatment was not 
significantly different than the other two temperature treatments (p > 0.05).  
 
 
 
  
24 
Total Carbon and Nitrogen Fluxes 
The total cumulative losses of C (i.e. DOC + CO2-C + CH4-C) and N (i.e. DON + 
NO3-N + NH4-N +N2O-N) from soils were both significantly lower in the SSF treatment 
compared to the NSF treatment for both forest types (p < 0.05; Figures 1.4a and 1.4b). 
Total C losses tended to be greater in RS-BF forest soils, while total N losses tended to be 
greater in the SM-AB forest soils, but there was no significant difference between the two 
forest types for either total C or N fluxes (p = 0.44 and 0.13, respectively). While the 
cumulative fluxes of CO2 during the incubation tended to increase with decreasing soil 
frost intensity, differences were not statistically significant (p = 0.13; Figure 1.4a). 
Cumulative fluxes of CH4 were orders of magnitude smaller than CO2 and DOC fluxes (p 
< 0.0001), and therefore had a negligible impact on total C fluxes.  
 
DISCUSSION 
Results from this study show that soil frost can significantly impact the cycling of 
C and N in northern forest ecosystems during the snowmelt period. While we expected 
that total losses of C and N would increase with increasing severity of soil frost, we 
found the opposite pattern with SSF resulting in lower losses in both forest types. The 
lower losses of N in the SSF treatment were surprising since the opposite pattern has 
been found in field experiments (e.g., Fitzhugh et al. 2001). Results from this laboratory 
experiment are limited given that we did not include plant roots or mineral soil and we 
examined fluxes over a short time period (19 days). However, the differences we found 
suggest that SSF could lead to lower losses of C and N during the snowmelt period 
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equivalent of up to 4.6% of C and 22% of N exported annually from the forest floor of 
northern forests (NSF minus SSF losses of C = up to 9.7 kg C ha-1 and losses of N = up to 
0.14 kg N ha-1; in situ export of C in DOC and heterotrophic CO2 = 210 to 272 kg C ha-1 
yr-1 and export of dissolved N = 0.64 to 1.26 kg N ha-1 yr-1; Fahey et al. 2005; Dittman et 
al. 2007).   
 
Effects of Soil Frost on Aqueous Carbon and Nitrogen  
The lower losses of NH4+ and NO3- following SSF may be attributed to colder soil 
temperatures and a longer duration of soil frost relative to the other two temperature 
treatments. For example, in the SSF treatment soils were still below freezing (~ -1 ºC) 
during the flush of water, which could have limited microbial activity such as 
mineralization, and hence the amount of C and N produced by soil microbes and then 
subsequently leached.  
Our results are in contrast to Austnes and Vestgarden (2008) and Fitzhugh et al. 
(2001), who both observed an increase in inorganic N leaching in response to increased 
soil frost in heathland and forest soils, respectively. The difference in relationship 
between soil frost and inorganic N leaching in our study compared to others could be due 
to a variety of factors, including (1) reductions in metabolic activity in the comparatively 
colder soil temperatures of our study (e.g., -15º C in our SSF soils vs. -7º C in field 
experiments; Hardy et al. 2001), (2) the limitation of microbial activity caused by pooling 
of water and hence reduced diffusion of oxygen, substrates, or enzymes in frozen soil 
(Mikan et al. 2002), or (3) differences in timing of measurements. Fitzhugh et al. (2001) 
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observed an increase in rates of NO3- leaching during the growing season, but not during 
the snowmelt period. Increased NO3- leaching during the growing season has been 
attributed to decreased plant N uptake due to root mortality (Tierney et al. 2001) rather 
than changes in microbial activity (Groffman et al. 2001). We evaluated C and N fluxes 
with high temporal resolution only during snowmelt when root activity is typically low 
(Tierney et al. 2003). While the absence of roots in our study contrasts with previous 
field experiments, this difference is likely of little importance to fluxes during the 
snowmelt period.  
Nitrate export from forests at HBEF has been declining in recent decades even 
though rates of atmospheric deposition have not changed significantly (Driscol et al. 
2001; Goodale et al. 2003). For example, on an annual basis, forests at HBEF lost on 
average 6.9 kg N ha-1 yr-1 in 1973-74 (Likens and Bormann 1995), but only 0.4 kg N yr-1 
ha-1 in 1996-97 (Campbell et al. 2000). While the role of soil frost in mediating N export 
remains uncertain (e.g., Fitzhugh et al. 2003) the results from this study suggest that soil 
frost during snowmelt may mitigate export of N by reducing losses from the forest floor 
during this critical time of the year..  
Our observation that MSF had no significant impact on DON losses is in 
agreement with past snow removal experiments in forest (Fitzhugh et al. 2001) and boreal 
heathland (Austnes et al. 2008) ecosystems, although laboratory experiments with boreal 
heathland soils suggest an increase in DON leaching following MSF (Austnes and 
Vestergarden 2008). We are unaware of any other studies that have measured DON 
fluxes in response to SSF (< -8ºC). The fact that we observed no impact of SSF on DON 
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fluxes suggests that DON may be well buffered from changes in soil temperature in 
northern forest soils. Despite our low level of replication, we had sufficiently high 
statistical power (power = 0.95) to detect treatment-level differences if there were any. 
Annual fluxes of DOC in northern forests are typically much smaller than CO2 
fluxes (Fahey et al. 2005). In contrast, the relative contributions of CO2 and DOC to total 
C fluxes observed in this study were comparable (CO2-C:DOC ratios ranged from 0.8 to 
2.2, depending on treatment). High DOC export during the snowmelt period (Sebestyen 
et al. 2008) coupled with low rates of soil respiration in this study (Figures 1.1 and 1.4a) 
likely explain the small differences between fluxes of DOC and CO2 that we observed. 
Similar to DON, the absence of a soil frost effect on DOC fluxes suggests that organic 
pools of C may also be well buffered against changes in soil frost or temperature. 
However, low statistical power (power = 0.10) could have prevented detection of 
treatment-level differences. 
 
Effects of Soil Frost on Gaseous Losses of Carbon and Nitrogen  
We predicted that increasing soil moisture during snowmelt would stimulate N2O 
production since denitrification is an anaerobic process and a major pathway for gaseous 
N losses. However, N2O fluxes were highly variable throughout the experiment and there 
were no significant differences among the sampling periods, although one week after all 
snow had melted fluxes were highest in soils experiencing mild soil frost compared to no 
or severe soil frost. The greater flux of N2O from soils exposed to greater soil frost in the 
field has been attributed to greater rates of denitrification (Groffman et al. 2006). 
  
28 
However, soil extractable NO3- was not significantly different among the temperature 
treatments in our laboratory experiment, suggesting that either denitrification cannot 
explain the differences in N2O that we observed or that rates of N2O losses kept up with 
production of NO3- in soils. 
Fluxes of CO2 from soil tended to be negative when snow cover was present. 
However, CH4 fluxes were also generally negative indicating that redox conditions 
throughout the experiment favored CO2 production and CH4 consumption, which is 
commonly observed in upland forest soils (Crill 1991; Fahey et al. 2005). It is possible 
that negative fluxes of CO2 were due to low rates of soil respiration that were outpaced 
by CO2 storage in the wet snow pack (see Sommerfeld et al. 1996). The increase in CO2 
fluxes following snowmelt compared to the pre-melt period was likely due to a 
combination of warming soil temperatures and absence of a snow pack to store CO2. 
Carbon inputs from snow accounted for less than 5% of total respired CO2 and less than 
6% of DOC export in this study. It therefore seems probable that substrate contributions 
from snowmelt played a small role in stimulating soil respiration.  
It is likely that the snow pack indirectly influenced rates of soil respiration by 
insulating the underlying soil as indicated by the relatively constant soil temperatures 
prior to and during snowmelt and the increase once all of the snow melted. Soil warming 
after snowmelt was delayed in the SSF temperature treatment, which corroborates 
findings from field experiments (Groffman et al. 2001). In the present study, the slower 
soil warming in response to SSF was likely responsible for the delayed increase in soil 
respiration after snowmelt. The increase in CO2 fluxes following snowmelt in both forest 
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types may be attributable to several possible factors including the release of CO2 that 
accumulated beneath the frozen soil, warming soil temperatures, and an increase in 
availability of labile C from the lysing of microbial cells in response to severe soil frost 
conditions (i.e. < -5ºC; Schimel and Clein 1996). Microbes appear to be less adversely 
affected by MSF (> -5ºC; Groffman et al. 2001), which may explain the smaller increase 
in CO2 flux upon thawing. We did not observe any significant differences in CH4 fluxes 
among temperature treatments during snowmelt.  
 
Tree Species Composition and C and N Fluxes 
We expected that total C (CO2 + CH4 + DOC) fluxes would be driven primarily 
by soil respiration which is typically higher in SM-AB forests compared to RS-BF forests 
at HBEF (Fahey et al. 2005) because hardwood litter tends to be more labile than conifer 
litter (Friedland et al. 1986). However, both total C and CO2 fluxes did not differ between 
forest types. CO2 fluxes from the soil to the atmosphere were small among both forest 
types. Cumulative fluxes of CO2 in this study (Figure 4a) amounted to less than 5% of the 
annual CO2 flux from heterotrophic respiration measured from the forest floor at the 
HBEF (Fahey et al. 2005). In this experiment soil temperature was an important factor 
controlling rates of soil respiration (r2 = 72, 62, 39, and 43% for NSF, MSF, SSF, and all 
temperature treatments and forest types together, respectively). It is possible that cold soil 
temperatures and C substrate limitation were responsible for the low rates of CO2 fluxes 
observed in this study and masked differences associated with forest type.  
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DOC export during snowmelt can comprise a large proportion of annual DOC 
flux in northern forest ecosystems (Sebestyen et al. 2008). DOC fluxes in this experiment 
(Table 1.1) were equivalent to 15 to 35% of annual fluxes of DOC from the forest floor 
measured in situ at the HBEF (Fahey et al. 2005). It is surprising that there were no 
significant differences in DOC fluxes between forest types since DOC leaching from the 
forest floor at the HBEF has been observed to be greater from RS-BF forests than SM-
AB forests (Johnson et al. 2000). RS-BF forest soils tended to have higher leaching losses 
of DOC than SM-AB forest soils in this experiment and it is possible that high variability 
and low statistical power (power = 0.24) masked detection of differences.  
As predicted, the SM-AB forest soils had greater concentrations of soil 
extractable NH4+ and NO3-, as well as losses of NH4+ and NO3- in leachate, compared to 
the RS-BF soils. The RS-BF forest soils exhibited net retention of NO3- across all 
treatments, while there was a net loss of NO3- from SM-AB forest soils in the NSF and 
MSF treatments. These results suggest that rates of nitrification could have been higher in 
the SM-AB forest soils, which is often observed in forests dominated by sugar maple 
compared to forests dominated by conifers (Pastor et al. 1984; Templer et al. 2003; 
Lovett et al. 2004). In addition, microbial immobilization of inorganic N could have been 
higher in the RS-BF forest soils than the SM-AB forest soils.  
We expected that greater NO3- availability in the SM-AB forest soils would result 
in higher N2O fluxes compared to the RS-BF forest soils, but we found no differences in 
N2O fluxes between forest types. Rates of N2O fluxes measured in this study were highly 
variable but comparable to in situ measurements made at the HBEF (Groffman et al. 
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2006). The processes mediating these fluxes are complex and it is likely that during the 
snowmelt period other factors such as C availability and redox potential overshadowed 
the importance of forest type or NO3- availability in determining N2O fluxes. 
Surprisingly, total N fluxes also did not differ between forest types. It is possible that low 
statistical power (power = 0.32) and the high variability in N fluxes masked any 
differences between the forest types.   
Additional Considerations  
In contrast to previous laboratory experiments (e.g., Austnes and Vestergarden 
2008), we did not allow the soils to thaw prior to adding water to simulate snowmelt. 
This was intentional in order to mimic soil thawing that occurs during snowmelt in the 
field (e.g., Hardy et al. 2001). Additionally, few field experiments have explicitly 
quantified the effects of soil frost on C and N fluxes during the snowmelt period (e.g., 
Fitzhugh et al. 2001). Therefore, it is important to acknowledge that these differences in 
experimental design and temporal scale of sampling may have contributed to the 
observed discrepancies in the response of C and N fluxes to soil frost.  
Air temperature was held constant at 5ºC during the simulated snowmelt in this 
experiment. Diurnal and daily fluctuations that occur in the field could result in freezing 
and thawing of snowmelt water and the soil underlying the melting snowpack. Freeze-
thaw cycles have been shown to increase losses of C and N from soils (see Henry 2007); 
however, it remains uncertain how freezing and thawing during snowmelt might affect C 
and N cycling during this period and should be investigated in future research. 
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Drainage of water in this experiment may differ from what occurs in situ during 
snowmelt because the experimental design does not address the influence of horizontal 
flow. Soils typically become saturated during snowmelt, which could impede vertical 
movement of water in favor of horizontal flow and result in lateral redistribution of 
dissolved C and N. This could potentially reduce in situ losses from the forest floor 
during snowmelt compared to those observed in the present study and reduce differences 
in losses between frozen and unfrozen soils. Additionally, in the SSF treatment 
infiltration of snowmelt water through frozen soils could have resulted in water following 
preferential flow paths and reducing interaction between water and soil. This may have 
reduced microbial activity in areas of the soil profile where water was less available, 
thereby decreasing C and N leaching. Similarly, in field conditions when the soil is 
frozen snowmelt water likely has limited interaction with the soil as water moves as 
overland flow or is channeled through preferential flow paths in the soil.   
 
CONCLUSIONS 
The results from this experiment indicate that SSF (-15ºC) resulted in lower losses 
of C, NH4+, and NO3- compared to unfrozen soils during snowmelt, while we found no 
significant impact of MSF (-0.5ºC), which suggests that severity of soil frost plays an 
important role in potentially reducing losses of C and N during spring snowmelt. While 
microbial activity can continue in frozen soils, many microbial processes have a lower 
temperature limit of approximately -5ºC (Coxson and Parkinson 1987; Dorland and 
Beauchamp 1991; Clein and Schimel 1995; Brooks et al. 1997). Lower rates of microbial 
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activity could have contributed to the lower losses of C and N in severely frozen soils. 
Therefore, it is likely that the extent to which C and N cycling during snowmelt is altered 
in response to changes in winter climate depend on both the presence of soil frost and the 
temperature to which soils freeze.  
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Table 1.1. Soil moisture, soil bulk density, total soil C and N, soil C:N, extractable N in 
soil, N and C in snow and leachate, and flux of aqueous forms of N from soils (snow 
minus leachate N; e.g., Soil NH4+flux). Pre-incubation moisture refers to soil cores 
collected from the field at the same time as the soil used in the laboratory experiment. 
Positive values for soil flux indicate net retention in soil and negative values for soil flux 
indicate net loss from soils. Different lower case letters within a row denote significant 
differences (P < 0.05) among temperature treatments. Values are means with standard 
error except for NH4+leachate, NO3-leachate, Soil NO3-flux, and Soil NH4+flux where values are 
medians with minimum and maximum values since these data were not normally 
distributed and therefore non-parametric analyses were conducted using rank-transformed 
data. 
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Table 1.1. 
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Figure 1.1. (a) Air and soil temperature with (b) CO2 flux from sugar maple-American 
beech and (c) red spruce-balsam fir soils during and after snowmelt. PVC columns were 
placed in their respective temperature treatments on DoY 63. The means are the 
cumulative flux at each sampling date. However, different upper case letters denote 
significant differences (P < 0.05; n=3) in the daily flux (i.e. not the cumulative flux) 
among temperature treatments within a sampling period. Different lowercase letters 
denote significant differences (P < 0.05) in the daily flux among sampling dates. Values 
are means with standard error. 
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Figure 1.1. 
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Figure 1.2. N2O flux from (a) sugar maple-American beech and (b) red spruce-balsam fir 
soils during and after snowmelt. The means are the cumulative flux at each sampling 
date. However, different upper case letters denote significant differences (P < 0.05; n=3) 
in the daily flux (i.e. not the cumulative flux) among temperature treatments within a 
sampling period. There were no significant differences between sampling periods or 
between forest types (P > 0.05; n=3). Fluxes on DoY 89 from the NSF (+5ºC) and SSF (-
15ºC) treatments were significantly higher than the MSF (-0.5ºC) treatment (P = 0.026 
and 0.0079, respectively). Values are means with standard error. 
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Figure 1.2. 
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Figure 1.3.  CH4 flux from (a) sugar maple-American beech and (b) red spruce-balsam 
fir soils during and after snowmelt. The means are the cumulative flux at each sampling 
date. There were no significant differences between temperature treatments within 
sampling periods or between forest types (P > 0.05; n=3). Daily CH4 fluxes in response 
to severe soil frost were significantly greater on DoY 89 than DoY 80 (P = 0.043). 
Values are means with standard error. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
41 
Figure 1.3. 
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Figure 1.4.  (a) Total C fluxes in leachate (DOC) and gases (CO2 + CH4) and (b) total N 
fluxes in leachate (NO3- + NH4+ + DON) and gases (N2O) among temperature treatments 
and forest types. Different lower case letters denote significant differences (P < 0.05) in 
total flux of C or N among temperature treatments. Different upper case letters denote 
significant differences (P < 0.05) in loss in leachate among temperature treatments. 
Positive values indicate net loss of C or N from soils and negative values indicate net 
retention of C or N in soils. Values for CH4 (range equal to -2.7 to -1.2 mg C kg-1) were 
too small to be viewed on the scale of this figure. There were no significant differences 
between forest types for total C or N fluxes. Total N flux in leachate was significantly 
higher in SM-AB than RS-BF (P = 0.05). There were no significant differences in CO2 or 
N2O fluxes among temperature treatments or between forest types. Due to insufficient 
leachate volume our sample size for fluxes shown here was n = 2 for the three 
temperature treatments for RS-BF and the SSF temperature treatment for SM-AB. Values 
are means with standard error. 
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Figure 1.4. 
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CHAPTER 2 
GREATER SOIL FROST LEADS TO INCREASED RATES OF BASAL 
RESPIRATION BUT REDUCED TEMPERATURE SENSITIVITY OF SOIL 
RESPIRATION IN A TEMPERATE DECIDUOUS FOREST 
 
ABSTRACT 
Winter snowpack in seasonally snow covered regions plays an important role in 
moderating ecosystem processes by insulating soil from freezing air temperatures. 
Climate models project a decline in the depth and duration of winter snowpack at mid 
and high latitudes, which will lead to greater soil freezing, and possibly alter the amount 
of carbon lost from temperate forest ecosystems through processes such as soil 
respiration. While bulk and root-rhizosphere components of soil respiration can have 
different responses to environmental perturbations, little is known about their responses 
to reductions in snowpack and increased soil freezing in temperate forests. We conducted 
a snow removal experiment in a temperate deciduous forest at Harvard Forest in 
Massachusetts, USA to quantify the effects of a reduced winter snowpack and increased 
soil freezing on total soil respiration and its bulk soil and root-rhizosphere components. 
Snow accumulated naturally in reference plots, but was removed from treatment plots 
during the first five weeks of the 2010/2011 and 2011/2012 winters to induce soil 
freezing. Snow removal during the first winter increased the depth and duration of soil 
frost. In contrast, warmer air temperatures and lower snowfall in the second winter 
resulted in soil frost in all plots with depths comparable to the reference plots in the first 
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winter. Our results show that a longer duration of soil frost increases basal rates of total 
soil respiration rates at 10 °C (R10) up to 30% annually (p = 0.01) and up to 90% during 
the spring (p < 0.01), and there was a nearly significant concurrent 27% increases in soil 
CO2 efflux at the annual scale (p = 0.06). Soil frost induced increases in R10 may be 
driven by changes in root-rhizosphere respiration, but reductions in apparent temperature 
sensitivity (Q10) of soil respiration offset increases in R10. Ramp-up in spring total and 
bulk soil respiration are negatively correlated with soil frost duration, which may be 
driven by reductions in Q10. Our findings suggest that soil frost is an important ecosystem 
driver of C cycling that should be considered when investigating controls on C losses 
from temperate forest ecosystems that experience a seasonal snowpack. 
 
INTRODUCTION 
The effects of winter climate change in seasonally snow covered regions on the 
terrestrial carbon (C) cycle has received considerable attention in recent years (Brooks et 
al. 2011; Blankenship and Hart 2012; Haei et al. 2013) due to the growing recognition of 
the importance of snow cover in insulating soil and affecting ecosystem processes 
(Groffman et al. 2001; Schimel et al. 2004; Blankenship and Hart 2013; Campbell et al. 
2014). Winter snowpack insulates the underlying soil from below-freezing air 
temperatures and protects soil biota and fine roots from the adverse effects of deep soil 
frost (Tierney et al. 2001; Campbell et al. 2005; Templer et al. 2012). The depth and 
duration of snowpack in the northeastern U.S. has been declining in recent decades and 
this trend is projected to continue over the next century (Hayhoe et al. 2007; Campbell et 
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al. 2010). Reductions in snowpack have been shown to increase soil freezing and lead to 
greater losses of dissolved organic C (Haei et al. 2013), fine root damage (Tierney et al. 
2001; Commerford et al. 2013) and altered soil organic matter properties (Steinweg et al. 
2008) in forest soils. Forests of the northeastern U.S. are considered to be net C sinks 
(Turner et al. 1995; Fan et al. 1998; Houghton et al. 1999) with more than 15% of the 
U.S. forest C pool (Heath et al. 2003). However, the ability of this region’s forests to 
store C may be altered by changes in winter climate if processes such as soil respiration 
are affected by a reduced winter snowpack.  
Soil respiration contributes approximately 70% of CO2 losses in temperate forests 
(Janssens et al. 2001) and plays an important role in the net C balance in these systems 
(Valentini et al. 2000). Contributions to soil respiration include heterotrophic 
decomposition of soil organic matter (hereafter, ‘bulk soil’ respiration), as well as root 
and heterotrophic respiration in the rhizosphere (hereafter, ‘root-rhizosphere’ respiration). 
The relative contribution of each component to total soil respiration varies considerably 
across forest ecosystems (Hanson et al. 2000), but root-rhizosphere respiration has been 
shown to contribute approximately 20 to 50% of soil respiration in forests of the 
northeastern U.S. (Bowden et al. 1993; Fahey et al. 2005; Melillo et al. 2002). Climate 
factors such as temperature and precipitation directly affect rates of soil respiration, but 
the individual response of the bulk soil and root-rhizosphere components can vary, in part 
due to the reliance of these respiratory processes on different sources of substrate 
(Kuzyakov 2006). For example, bulk soil respiration relies on decomposition of organic 
matter, while root-rhizosphere respiration depends on C allocated from photosynthesis, 
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although root exudates can also prime decomposition of organic matter beyond the 
rhizosphere (Bengston et al. 2012). In order to make predictions about future effects of a 
reduced winter snowpack and increased soil freezing on rates of soil respiration, it is 
important to quantify the separate responses of bulk soil and root-rhizosphere respiration 
to changes in climate.      
Past studies that have examined the effects of a reduced snowpack on total soil 
respiration indicate a varied response to increased depth and duration of soil frost. A 
meta-analysis of snow manipulation experiments showed that reductions in winter 
snowpack reduce late-growing season soil CO2 efflux by 35% across plots, but the 
response of soil efflux early in the growing season to snowpack reductions is negatively 
correlated with latitude (Blankinship and Hart 2012). Individual studies show that a 
reduced snowpack both increases (Maljanen et al. 2010) and decreases (Öquist and 
Laudon 2008; Haei et al. 2013) rates of total soil respiration in boreal forests, but has no 
significant effect in temperate forests experiencing deep (Groffman et al. 2006) or 
shallow soil frost (Schindlbacher et al. 2014). However, these studies did not investigate 
the separate in situ response of the different components of soil respiration. Relatively 
little is known about the response of bulk soil and root-rhizosphere respiration to winter 
climate change and the few studies that have separated these components report 
contrasting results. For example, soil freezing and colder winter soils increased basal 
rates of bulk soil respiration at 10 °C by 20% and reduced root-rhzisophere and total 
respiration in a boreal Norway spruce forest (Haei et al. 2013). In contrast, Muhr et al. 
(2009) found that soil freezing increased root-rhizosphere respiration by up to 260% and 
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decreased heterotrophic respiration by 30%, resulting in an 18% reduction in total soil 
respiration in a temperate Norway spruce forest. However, Haei et al. (2013) measured 
basal rates of bulk respiration in the laboratory and results from Muhr et al. (2009) were 
confounded by summer drought. Taken together, results from previous studies highlight 
the uncertainties that still exist in our understanding of the response of soil respiration to 
changes in winter climate.   
Reduced snowpack and increased soil freezing has been shown to delay soil 
warming after snowmelt (Hardy et al. 2001), which could impede ramp-up of soil 
respiration in the spring. Patterns of soil respiration during the spring can have important 
implications for annual losses of CO2 from temperate forest soils (Savage and Davidson 
2001). Therefore, by slowing spring ramp-up in soil respiration, increased soil freezing 
may reduce annual losses of CO2 from temperate forest soils. To our knowledge, no 
studies have determined the effect of a reduced winter snowpack and increased depth and 
duration of soil freezing on bulk soil vs. root-rhizosphere respiration in temperate 
deciduous forests, nor the effect on ramp-up of spring rates of soil respiration in any 
ecosystem. 
We conducted a snow removal experiment to quantify the effects of reduced 
winter snowpack and increased depth and duration of soil frost on (1) rates of total soil 
respiration, determining contributions from bulk soil and root-rhizosphere respiration, 
and (2) ramp-up in spring rates of soil respiration. Apparent temperature sensitivity of 
soil respiration (apparent Q10) was also quantified because of its important role in the 
response of soil CO2 fluxes to climate change and because it is often incorporated into C 
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cycle models. We expected a reduced snowpack and increased soil freezing to reduce 
rates of bulk soil respiration and increase root-rhizosphere respiration, but to a lesser 
extent than reductions in bulk soil respiration, resulting in a net reduction in annual soil 
losses of CO2 in soils experiencing a reduced snowpack.  
 
METHODS 
Site Description 
This study was conducted in the Prospect Hill Tract of Harvard Forest in central 
Massachusetts (42°30’ N, 72°10’ W, 380 m above sea level). The forest stand used for 
this study is dominated by hardwoods with red oak (Quercus rubra L.) and red maple 
(Acer rubrum L.) comprising 60% and 30%, respectively, of the basal area of trees larger 
than 10 cm diameter at breast height (see chapter 3). This forest stand regenerated 
following agricultural abandonment around the turn of the twentieth century. Soils are of 
the Montauk series (coarse-loamy, mixed, low CEC, mesic Oxyaquic Dystrudepts) and 
Whitman series (loamy, acidic, high CEC and shallow Typic Humaquepts) with an O 
horizon that is generally 3-7 cm thick. The climate is cool temperate and humid with 
mean temperatures of 20 °C in July and -7 °C in January. Annual mean precipitation is 
1100 mm, evenly distributed throughout the year.  
 
Experimental Design 
During the summer of 2010, we established six 13 m x 13m plots (n = 3 reference 
and n = 3 snow removal plots) each with a 1.5 m buffer on each side from which no data 
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were collected. Each plot was centered upon two mature red oak and two mature red 
maple trees. Snow was manually removed from the treatment plots via shoveling for five 
weeks at the beginning of the winters of 2010/2011 and 2011/2012 to simulate a reduced 
snowpack depth and duration and induce soil frost. Snow was removed within 24 hours 
of snowfall and a compacted 3-5 cm base was left to prevent damage to the forest floor 
and to maintain wintertime albedo of the forest floor (Figure 1). Snow accumulated 
naturally in the reference plots throughout the winter and in the treatment plots after the 
end of the snow removal period. 
 
Figure 2.1. Reference plot with natural snow accumulation (left) and snow removal plot 
with a compacted 3-5 cm base of snow (right). 
 
Total soil respiration 
In November 2010, four PVC collars (10 cm diameter x 7 cm height) were 
installed 2-3 cm depth in the soil in each plot. Soil respiration rates were measured in 
each plot bi-weekly during the growing season, weekly between spring snowmelt (early-
April) and full leaf expansion (mid-May), and 1-2 times per month during the leaf-off 
season (mid-October to March 31) when the collars stuck out above the snowpack (< 5 
cm of snow). Respiration rates were measured in spring at a higher frequency than other 
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seasons to capture the effect of snow removal on the presumptive early growing season 
increase in soil respiration. Measurements were made using a LI-6400 infrared gas 
analyzer (IRGA) and a soil respiration chamber (LI-COR Biosciences, Lincoln, NE, 
USA) from December 2010 through April 2012. In March 2012, four larger PVC collars 
(20 cm diameter x 7 cm height) were installed in each plot to transition to using a LI-
8100A (LI-COR Biosciences, Lincoln, NE, USA) infrared gas analyzer with the 20 cm 
survey chamber. In an in situ comparison of soil respiration measured by the LI-8100 and 
LI-6400, LI-COR Biosciences found that both units produced similar results (Madsen et 
al. 2004). As an independent test, we made measurements with both the LI-6400 and LI-
8100A soil respiration units from December 2010 through early May 2012 to ensure that 
switching IRGAs would not introduce any artifacts to the study. Similar to Madsen et al. 
(2004), we did not find any large or consistent differences between the two units (P = 
0.18). 
 
Bulk soil respiration 
Root exclusion cylinders (hereafter ‘cylinder’ refers to the combined soil core and 
root exclusion cylinder) were installed in November 2010 to measure bulk soil respiration 
(respiration of heterotrophs not associated with the rhizosphere; Figure 2.2). We used a 
cylinder design adapted from Lalonde and Prescott (2007) to isolate bulk respiration to 
30 cm depth. In four locations in each plot, 30 cm deep soil cores were removed using a 
10 cm diameter stainless steel soil corer. A depth of 30 cm was chosen since most of the 
root biomass in hardwood forests at Harvard Forest is in the top 30 cm (McClaugherty et 
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al. 1982) and we did not anticipate the maximum depth of soil frost to exceed this depth. 
Furthermore, these soils typically have a high coarse fragment content making deeper soil 
cores logistically impractical. Each soil core was placed intact into a root exclusion 
cylinder of the same dimensions and placed back into the ground. The cylinders were 
constructed from 2 mm polyethylene mesh wrapped with 50 µm mesh (Plastok 
Associates Ltd., Birkenhead, U.K.) and wrapped at the bottom with the same 50 µm 
mesh. This method was chosen over traditional trenching techniques to reduce 
perturbations to soil hydrology and minimize plot-level disturbance. To facilitate 
respiration measurements, a 10 cm diameter x 7 cm tall PVC collar was attached to the 
top of each cylinder so that 5 cm of the collar extended above the soil. Respiration 
measurements were made using a LI-6400 and soil respiration chamber following the 
same protocol and frequency as for total soil respiration except that heterotrophic 
respiration measurements were made from snowmelt through mid-December in 2011 and 
2012.  
 
Figure 2.2. Installation of root exclusion cylinders used to measure bulk soil respiration. 
We conducted an experiment outside of the six plots to verify that lateral 
diffusion of CO2 produced outside of the cylinders into the cylinders was not an 
important contribution to measured bulk CO2 fluxes. In a 4 m x 4 m area we installed 
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eight cylinders in fall 2010, as described above, and made respiration measurements in 
June 2011. Four of the eight cylinders were wrapped with gas-impermeable plastic. We 
measured rates of CO2 flux from each of the eight cylinders and found that rates of soil 
respiration from wrapped and unwrapped cylinders did not differ (P = 0.97). Therefore, 
we are confident that CO2 fluxes measured from the cylinders were not inflated by lateral 
diffusion from adjacent soils. 
To account for any CO2 that may have been released during decomposition of 
severed roots within the cylinders, we quantified rates of root decomposition in two 
additional 6 m x 6 m plots. In November 2010, twelve cylinders were installed in each of 
these two plots. At the time of installation, three additional soil cores were harvested 
from each plot to quantify root biomass at the start (T0) of this experiment. Three 
additional cylinders were harvested from each of the two plots in April and December 
2011, May 2012, and May 2013. Soil cores were transported to the lab and roots were 
hand-picked, sorted into fine (< 2mm) or coarse roots (>2 mm) and dried at 65 oC to a 
constant weight to determine root biomass. We used the average root necromass (i.e. all 
roots in cylinders were dead) of the six cylinders collected at each harvest interval to 
calculate a root decomposition function describing the rate of root necromass loss over 
time. 
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Soil frost and temperature 
Soil frost depth and snow depth were measured weekly at four locations in each 
plot when snow covered the forest floor. Soil frost depth was measured using four frost 
tubes per plot (Ricard et al. 1976). Frost tubes were constructed from flexible PVC tubing 
(1.3cm diameter) filled with methylene blue dye. The solution is clear when frozen, 
enabling visual assessment of soil frost depth. The flexible tubes were inserted into a 
rigid PVC pipe to a soil depth of 50 cm and frost depth was determined by measuring the 
length of clear, frozen solution beneath the surface. Snow depth was measured using 
meter sticks that were permanently affixed to stakes at the location of each soil frost tube. 
Soil temperature was measured in the center of each plot using CS107 
temperature probes (Campbell Scientific, Logan, UT, USA) buried at a soil depth of 5 
cm. Factory calibrated CS616 water content reflectometers (Campbell Scientific) were 
used to measure volumetric water content (VWC) to 30 cm depth. All probes were 
installed during November 2010 except for one reference plot, which was instrumented in 
April 2011. All sensors were connected to CR1000 dataloggers (Campbell Scientific) and 
the average of measurements made at 30-second intervals were recorded every 30-
minutes with temperature measured throughout the year and soil moisture measured 
when soils were not frozen. Gaps in soil temperature data (e.g., from power outages, 
malfunctioning probe, etc.) were filled using the relationship between the soil 
temperature in the plot with missing data and another plot if data were available or using 
soil temperature measurements collected at the Fisher Meteorological Station at Harvard 
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Forest (downloaded from the Harvard Forest Data Archives, 
www.harvardforest.fas.harvard.edu/data-archive). 
 
Calculations 
Weekly measurements of snow and soil frost depth were used to characterize 
snow pack and soil frost conditions during the winters of 2010/11 and 2011/12. Snow 
cover duration was defined as the number of days with measureable snow on the ground. 
The depth and duration of soil frost was integrated into the parameter ‘Area Under the 
Curve’ (AUC), which was calculated by plotting weekly measurements of soil frost depth 
(Y-axis) against time (X-axis) and using a trapezoidal approach to calculate the area 
between the soil frost depth line and the x-axis (at a y-intercept of 0). The unit for AUC is 
‘cm days’ which increases wither greater depth and/or duration of soil frost. AUC and 
duration of soil frost were calculated at the plot level. 
Spring ramp-up in soil respiration, defined as rate of increase from April 1 to May 
31, was quantified for each plot and year as the slope of the log-transformed linear 
relationship between time and soil respiration: 
ln(R) = β0 + β1T (1) 
where R is soil respiration (total or bulk), β0 and β1 are regression coefficients, and T is 
time (DOY).  
The response of soil respiration to changes in soil temperature within each year 
across the entire year and during the leaf-off (Oct 16 to Mar 31), spring (Apr 1 to May 
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31) and growing (June 1 to Oct 15) seasons was quantified using the log-transformed 
linear Q10 function from Humphreys et al. (2005): 
ln(R) = β0 + β1Ts (2) 
where R is soil respiration (total or bulk), β0 and β1 are regression coefficients, and Ts is 
soil temperature measured at a soil depth of 5 cm. Regression coefficients were estimated 
separately for each plot from the plot-level mean rate of soil respiration on each sampling 
date and soil temperature at the corresponding time. To meet the assumption of normality 
and homoscedasticity for linear least squares regression a logarithmic transformation was 
applied. The parameters from equation 2 were used to estimate apparent temperature 
sensitivity of soil respiration (apparent Q10) for each plot from: 
Q10 = exp(10*β0) (3) 
To compare rates of soil respiration between the reference and snow removal plots at a 
single soil temperature, basal rates of respiration at 10 °C (R10) were calculated from the 
parameters in equation 2: 
R10 = Q10 * exp(β1) (4) 
A root decomposition function was derived from the relationship between time 
and root mass in the cylinders collected sequentially from December 2010 to May 2013 
(see above). The decomposition function was used to estimate T0 root biomass and 
annual CO2 losses associated with root decomposition for each cylinder in the reference 
and snow removal plots. Plot-level root biomass to a soil depth of 30 cm was estimated 
from the average T0 root biomass of the four cylinders in each plot. Root biomass was 
converted to C content using data from Zhou et al. (2011) indicating that on average 
  
57 
44.8% of root biomass at Harvard Forest is C. A mineralization rate of two thirds 
(Nakane et al. 1996) was used to calculate the contribution of decomposing root 
necromass to annual soil CO2 efflux.  
Annual and seasonal rates of total and bulk soil respiration were estimated from 
the annual and seasonal relationships, respectively, between soil temperature and 
respiration. Rates of bulk soil respiration reported here were adjusted to account for CO2 
contributed from root decomposition. The root-rhizosphere component of soil respiration 
was calculated as the difference between plot-level total soil respiration and plot-level 
bulk soil respiration.  
 
Statistical analyses 
All statistical analyses were conducted in R version 3.0.2 (R Core Team). Linear 
mixed effects models using the ‘nlme’ package (Pinheiro et al. 2012) with plot as the 
random effect were used to quantify potential differences in soil temperature and 
volumetric water content between snow removal and reference plots. Analysis of 
Variance (ANOVA) was used to compare snowpack and soil frost conditions, root mass, 
and annual/seasonal rates of soil respiration between the snow removal and reference 
plots. Effects of snow removal and soil frost on soil respiration were quantified using 
linear mixed effects models with plot as the random effect. AUC, soil frost duration, 
maximum soil frost depth and root mass were used as continuous fixed effects.  
Spatial variability in root-rhizosphere respiration and decomposition of root 
necromass in cylinders likely influenced measurements of total and bulk soil respiration, 
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respectively. Therefore, fine root biomass was used as a fixed effect when total soil 
respiration was the response variable and total root necromass in cylinders was used 
when heterotrophic soil respiration was the response variable. Spring rate of soil 
temperature increase (quantified using linear regression) was included as an additional 
fixed effect when spring ramp-up of soil respiration was the response variable.  
 An alpha = 0.05 was used to denote significance and assumptions of normality 
and constant variance were assessed by visual inspection of residuals and Shapiro-Wilk 
normality test. Log transformations were used when necessary. A linear mixed effects 
model coefficient of determination (R2) proposed by Nakagawa and Schielzeth (2013) 
was used as an absolute estimator of model fit. Marginal R2 (R2LMM(m)) was calculated to 
quantify variability explained by the fixed effects (Nakagawa and Schielzeth 2013) and 
used as an estimate of the fixed effects strength as a driver of soil respiration.  
 
RESULTS 
Effects of Snow Removal on Soil Frost, Temperature, and Volumetric Water Content 
 There was a deep and persistent snowpack during the winter of 2010/11 and the 
mean winter (Dec-Mar) air temperature was -3.7 °C, while the winter of 2011/12 had 
little snow and a mean air temperature of 0.5 °C (Table 2.1). The snow removal treatment 
increased maximum soil frost depth (p < 0.01), AUC for soil frost (p < 0.01) and soil 
frost duration (p = 0.05), and reduced maximum snow depth (p < 0.001), snow cover 
duration (p = 0.02 Table 2.1) and soil temperatures (p = 0.03; Figure 2.3) during the 
winter of 2010/11. In contrast, the snow removal treatment had no effect on any of these 
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soil variables in the winter of 2011/12 (p > 0.05 for each variable; Table 2.1). Winter soil 
temperatures were significantly colder in the reference plots of 2011/12 than 2010/11 (p 
= 0.02), but were significantly colder in the snow-removal plots in 2010/11 than 2011/12 
(p < 0.01; Figure 2.3). There were no differences in volumetric water content between 
reference and snow removal plots in any season across the two years of study (p > 0.99; 
data not shown).  
 
Table 2.1. Max snow depth, snow cover duration, max frost depth, area under the curve 
(AUC) for soil frost and soil frost duration across reference and snow removal plots. 
Mean and standard error for reference and snow removal plots are included. p-values 
refer to comparisons of reference and snow removal plots. 
 
2010/11 2011/12 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12
Reference+1 60.3 17.0 91.0 21.0 11.0 8.6 491.4 431.3 99.0 79.0
Reference+2 60.8 17.3 91 21.0 9.3 9.1 393.8 414.2 99.0 79.0
Reference+3 65.0 19.0 108.5 21.0 9.0 10.7 473.9 464.0 106.0 79.0
Reference+Mean 62.0+±+1.5 17.8+±+0.6 96.8+±+5.8 21.0+±+0.0 9.8+±+0.6 9.5+±+0.6 453.0+±+0.8 436.5+±+14.6 101.3+±+2.3 79.0+±+0.0
Snow+Removal+1 15.5 16.0 73.5 21.0 16.5 8.0 1151 355.2 106.0 72.0
Snow+Removal+2 18.8 19.0 71.8 21.0 19.5 11.7 1508 665.6 116.0 86.0
Snow+Removal+3 18.0 18.3 77.0 21.0 19.6 11.4 1517 670.6 116.0 93.0
Snow+Removal+Mean 17.4±+1.0 17.8+±+0.9 74.1±+1.5 21.0+±+0.0 18.5+±+1.0 10.4+±+1.2 1392+±+120.4 563.8+±+104.3 112.7+±+3.3 83.0+±+6.2
p=value <"0.01 1 0.02 1 <0.01 0.293 <0.01 0.251 0.05 0.49
Plot
Max+Snow+Depth+(cm) Snow+Cover+(days) Max+Frost+Depth+(cm) AUC+(cm+days) Frost+Duration+(days)
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Figure 2.3. Mean soil temperature at 5 cm depth (A and C) and rates of total, bulk and 
root-rhizosphere soil respiration for reference (B) and snow removal (D) plots, with 
standard error (soil respiration only).   
 
Effects of Snow Removal on Rates of Soil Respiration 
 Annual losses of CO2 from total soil respiration ranged from 945.9 to 1639.4 g C 
m-2 y-1 across plots and years and were derived mostly from bulk soil respiration with 
root-rhizosphere respiration contributing <0 to 37.5% of total CO2 losses, depending on 
plot and year (Table 2.2). Annual losses of CO2 from total, bulk, or root-rhizosphere soil 
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respiration were not significantly different between reference and snow removal plots 
(Table 2.2). However, across the range in soil frost conditions, there was a nearly 
significant trend of increasing annual rates of total soil respiration with increasing AUC 
for soil frost (P = 0.06, R2LMM(m) = 0.28; Table 2.3; Figure 2.4). When examining each 
plot individually, four of the six plots had lower rates of CO2 efflux in the year they 
experienced greater AUC. Annual total and bulk soil respiration were positively 
correlated with root mass (P < 0.02, R2LMM(m) > 0.59; Table 2.3; Figure 2.5).   
 
Table 2.2. Annual C losses from total, bulk and root-rhizosphere soil respiration and the 
proportional contribution of root-rhizosphere respiration to total respiration in each plot. 
Mean and standard error for reference and snow removal plots are included.p-values refer 
to comparisons between reference and snow removal plots.  
 
 
Figure 2.4. Relationship between annual rates of total soil respiration and area under the 
curve (AUC) for soil frost during the previous winter. Black symbols represent reference 
plots and open symbols represent snow removal plots. Similar symbols represent the 
same plot in 2011 (small symbol) and 2012 (large symbol).  
 
2010/11 2011/12 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12
Plot
Reference/1 945.9 1190.5 970.6 812.7 724.7 377.8 72.6 31.7
Reference/2 980.2 952.8 808.9 825.0 171.2 127.8 17.5 13.4
Reference/3 1577.1 1376.0 1156.8 1003.1 420.4 372.9 26.7 27.1
Reference/Mean 1168/±/205 1173/±122 979/±/100 880/±/62 189/±/129 293/±/83 13.8/±/8.6 24.1/±/5.5
Snow/Removal/1 1432.3 1272.7 1065.1 1203.4 367.2 69.3 25.6 5.4
Snow/Removal/2 1639.4 1217.1 1024.0 920.2 615.4 296.9 37.5 24.4
Snow/Removal/3 1272.1 1154.2 1078.8 1080.9 193.3 73.3 15.2 6.4
Snow/Removal/Mean 1448/±/106 1214/±34 1056/±/16 1068/±82 392/±/122 147/±/75 26.1/±/6.5 12.1/±/6.2
p/7/vlaue 0.29 0.76 0.49 0.14 0.32 0.26 0.32 0.22
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Figure 2.5. Relationship between annual rates of total soil respiration (Rs) and fine root 
mass (left) and bulk soil respiration (Rh) and root necromass in exclusion cylinders 
(right). Black symbols represent reference plots and open symbols represent snow 
removal plots. Similar symbols represent the same plot in 2011 (small symbol) and 2012 
(large symbol).  
 
Seasonal patterns of total, bulk and root-rhizosphere soil respiration were 
positively correlated with soil temperature and were highest during the middle of the 
growing season (Figure 2.3). Snow removal, AUC for soil frost, soil frost duration and 
maximum soil frost depth did not affect seasonal losses of CO2 from soil respiration 
within any season (Tables 2.3 and 2.4). However, soil respiration was positively 
correlated with root mass during the leaf-off season (total soil respiration p = 0.01, 
R2LMM(m) = 0.77) and during the growing season (bulk soil respiration p < 0.01, R2LMM(m) 
= 0.78). Soil losses of CO2 from total soil respiration during the growing season tended to 
be positively correlated with root mass and this trend was nearly significant (p = 0.06, 
R2LMM(m) = 0.54). 
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Table 2.3. Annual and seasonal response of soil respiration to soil frost and root mass. 
Significant relationships are in bold font. 
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Table 2.4. Carbon losses from total, bulk and root-rhizosphere soil respiration in each 
plot during the leaf-off (top), spring (middle) and growing (bottom) seasons. p -values 
refer to comparisons between reference and snow removal plots. Mean and standard error 
for reference and snow removal plots are included. Significant differences are in bold.   
 
R10 and Q10 
Basal rates of annual total soil respiration at 10 °C (R10) ranged from 2.1 to 3.4 
µmol CO2 m-2 s-1 across plots (Table 2.5) and were significantly positively correlated 
with soil freezing, increasing by ~30% across the range in AUC for soil frost, soil frost 
duration and maximum soil frost depth (p < 0.05; R2LMM(m) > 0.3; Figure 2.6; Table 2.6). 
Plot
Reference+1 184.8 218.9 170.8 132.4 14.1 86.5
Reference+2 172.4 197.6 169.2 172.1 3.2 25.5
Reference+3 245.1 241.5 203.8 158.8 41.3 82.7
Reference+Mean 200.8+±+22.5 219.3+±+12.3 181.3+±+11.3 154.4+±+11.7 19.5+±+19.6 64.9+±+19.7
Snow+Removal+1 229.5 252.0 217.6 240.5 11.9 11.5
Snow+Removal+2 239.2 241.2 176.0 185.0 63.1 56.2
Snow+Removal+3 203.4 195.0 159.7 161.7 43.7 33.3
Snow+Removal+Mean 224.0+±+10.7 229.4+±+17.5 184.4+±+17.3 195.7+±+23.4 39.6+±+25.9 33.7+±+12.9
p+>+vlaue 0.40 0.67 0.89 0.19 0.35 0.26
Reference+1 154.3 187.3 176.1 138.3 >21.8 49.0
Reference+2 151.1 133.2 127.2 125.5 24.0 7.7
Reference+3 225.2 181.8 192.5 174.4 32.7 7.4
Reference+Mean 176.9+±+24.2 167.5+±+17.2 165.2+±+19.6 146.1+±+14.6 11.6+±+25.3 21.4+±+13.8
Snow+Removal+1 216.7 252.0 156.0 175.7 60.7 2.5
Snow+Removal+2 217.7 241.2 149.1 129.5 68.7 23.0
Snow+Removal+3 161.7 195.0 154.9 182.1 6.8 >26.8
Snow+Removal+Mean 198.7+±+18.5 229.4+±+17.5 153.3+±+2.1 162.5+±+16.6 45.4+±+33.6 >0.5+±+14.4
p>+vlaue 0.51 0.79 0.58 0.50 0.26 0.34
Reference+1 569.4 742.2 569.0 511.4 0.4 230.8
Reference+2 642.9 654.7 494.0 514.2 148.9 140.5
Reference+3 1017.8 1002.4 707.1 604.0 310.6 398.4
Reference+Mean 743.4+±+138.8 799.8+±+104.4 590.1+±+62.4 543.2+±+30.4 153.3+±+155.2 256.6+±+75.5
Snow+Removal+1 851.9 855.4 615.6 731.2 236.3 124.2
Snow+Removal+2 1125.1 890.2 653.8 620.3 471.3 269.9
Snow+Removal+3 922.3 771.2 742.0 658.2 180.2 112.9
Snow+Removal+Mean 966.4+±+81.9 838.9+±+35.3 670.5+±+37.4 669.9+±+32.5 296.0+±+154.4 169.06+±+50.6
p">+vlaue 0.24 0.74 0.33 0.05 0.32 0.39
g+C+m>2+Growing+Season>1
g+C+m>2+Leaf>off+Season >1
g+C+m>2+Spring+Season>1
Total Bulk Root+++Rhizosphere
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In 2011/12, R10 of total soil respiration was slightly higher in the snow removal plots than 
the reference plots (p = 0.04). However, low snowfall during this 2011/2012 winter 
precluded a significant effect of snow removal on snow or soil frost conditions. R10 of 
annual bulk soil respiration ranged from 1.6 to 2.6 µmol CO2 m-2 s-1 across plots (Table 
2.5), and was not affected by the snow removal treatment (Table 2.5) or soil freezing 
(Table 2.6). In 2011/12, annual R10 of bulk soil respiration was lower in the snow 
removal plots than the reference plots (p = 0.05), but these differences were small (4%). 
R10 annual total and bulk soil respiration were positively correlated with root mass (p < 
0.05; R2LMM(m) > 0.5; Figure 2.7).  
 
Table 2.5. Annual and seasonal R10 of total (top) and bulk (bottom) soil respiration. P-
values refer to comparisons between reference and snow removal plots. Mean and 
standard error for reference and snow removal plots are included. Significant differences 
are in bold.   
 
2010/11 2011/12 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12
Plot Component
Reference21 2.2 2.3 2.0 2.6 2.4 2.2 2.0 3.2
Reference22 2.2 2.1 2.0 2.0 2.3 1.6 2.2 2.5
Reference23 3.2 2.6 3.4 2.8 3.5 2.4 3.3 2.6
Reference2Mean 2.52±20.3 2.32±20.1 2.52±20.5 2.42±20.3 2.72±20.4 2.02±20.3 2.52±20.4 2.82±20.2
Snow2Removal21 3.2 2.7 3.3 2.8 4.1 2.6 3.4 2.7
Snow2Removal22 3.4 2.8 3.8 2.7 3.7 2.2 3.4 3.3
Snow2Removal23 3.1 2.8 3.2 3.6 3.0 2.6 2.7 3.1
Snow2Removal2Mean 3.22±20.1 2.72±20.05 3.42±20.2 3.12±20.3 3.62±20.3 2.42±20.1 3.22±20.2 3.02±20.2
p@vlaue 0.11 0.04 0.14 0.19 0.17 0.24 0.22 0.37
Reference21 2.2 1.6 1.8 1.4 2.7 1.8 1.8 1.5
Reference22 1.9 1.8 2.1 2.0 1.9 1.7 1.9 2.4
Reference23 2.5 2.0 2.2 1.7 3.0 2.3 2.3 2.5
Reference2Mean 2.22±20.2 1.82±20.1 3.02±20.1 1.72±20.2 2.52±20.3 1.92±20.2 2.02±20.2 2.12±20.3
Snow2Removal21 2.4 2.5 3.1 2.9 2.8 2.5 2.7 3.3
Snow2Removal22 2.3 2.0 2.6 2.4 2.5 1.7 2.3 2.3
Snow2Removal23 2.6 2.5 2.7 2.7 2.9 2.9 2.1 3.2
Snow2Removal2Mean 2.42±20.1 2.22±20.2 2.82±20.2 2.62±20.1 2.82±20.1 2.42±20.4 2.42±20.2 3.02±20.3
p@vlaue 0.29 0.05 0.02 0.01 0.54 0.34 0.23 0.13
Bulk2Soil2
Respiration
Total2Soil2
Respiration
Annual Lead@off2Season
μmol2CO22m@22s@1
Spring Growing2Season
  
66 
 
Figure 2.6. Relationship between annual R10 of total soil respiration (Rs) and area under 
the curve (AUC) for soil frost, soil frost duration and maximum soil frost depth during 
the previous winter. Black symbols represent reference plots and open symbols represent 
snow removal plots. Like symbols represent the same plot in 2011 (small symbol) and 
2012 (large symbol).  
 
 
 
Figure 2.7. Relationship between annual R10 soil respiration (Rs) and fine root mass (left) 
and bulk soil respiration (Rh) and root necromass in exclusion cylinders (right). Black 
symbols represent reference plots and open symbols represent snow removal plots. 
Similar symbols represent the same plot in 2011 (small symbol) and 2012 (large symbol).  
 
R10 of total and bulk soil respiration did not exhibit any consistent seasonal 
patterns across plots and was not affected by snow removal within any season (Table 
2.5). However, soil frost duration and, to a lesser extent, maximum soil frost depth were 
positively correlated with R10 during the spring (Table 2.6; Figure 2.8), which resulted in 
a 90% and 60% increase across the range in values of frost duration and depth, 
respectively. R10 of bulk respiration during the leaf-off season in the snow removal plots 
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were significantly lower than in the reference than snow removal plots in 2010/11 (p = 
0.02) and higher than in the reference plots in 2011/12 (p = 0.01), but these differences 
were small (< 10%; Table 2.5). R10 of leaf-off season bulk respiration was significantly 
positively correlated with root mass (p = 0.01) and maximum frost depth (p = 0.03); 
however, maximum frost depth explained a negligible proportion of the variability in the 
data (R2LMM(m) = 0.09; Table 2.6). R10 of bulk respiration during the spring was positively 
correlated with soil frost duration, but the effect was small and R10 increased by 10% 
across the range in frost duration (Table 2.6; Figure 2.8). Root mass was also 
significantly positively correlated with R10 of bulk respiration during the spring (P = 
0.02; R2LMM(m) = 0.52), but R10 increased by less than 10% across the range in root mass.  
 
Table 2.6. Annual and seasonal response of R10 to soil frost and root mass. Significant 
relationships are in bold.   
 
Season Variable P,value R2LMM(m) P,value R2LMM(m)
AUC y"= 0.0007 x "+" 2.23 0.02 0.51 y9= 0.0003 x "+" 1.99 0.21 0.19
Frost9Duration y"= 0.0152 x "+" 1.28 0.01 0.32 y9= 0.0093 x 9+9 1.32 0.07 0.21
Max.9Frost9Depth y"= 0.0638 x "+" 1.94 0.04 0.43 y9= 0.0277 x 9+9 1.86 0.24 0.16
Root9Mass9C y"= 0.0040 x "+" 0.86 0.04 0.52 y"= 0.0013 x "+" 1.06 <0.01 0.76
AUC y9= 0.0007 x 9+9 2.32 0.09 0.32 y9= 0.0003 x 9+9 2.09 0.22 0.08
Frost9Duration y9= 0.0138 x 9+9 1.55 0.18 0.13 y9= 0.0262 x 9+9 1.98 0.26 0.06
Max.9Frost9Depth y9= 0.0652 x 9+9 2.06 0.14 0.24 y"= 0.0093 x "+" 1.42 0.03 0.09
Root9Mass9C y9= 0.0051 x 9+9 0.51 0.11 0.41 y"= 0.0021 x "+" 0.52 0.01 0.68
AUC y9= 0.0012 x 9+9 1.85 0.03 0.48 y9= 0.0005 x 9+9 2.04 0.17 0.21
Frost9Duration y"= 0.0380 x 2 0.87 <0.01 0.58 y"= 0.0093 x "+" 1.42 0.03 0.37
Max.9Frost9Depth y"= 0.1164 x "+" 1.31 0.04 0.43 y9= 0.0518 x 9+9 1.78 0.17 0.20
Root9Mass9C y9= 0.0057 x 9+9 0.07 0.07 0.40 y"= 0.0017 x "+" 0.92 0.02 0.52
AUC y9= 0.0005 x "+" 2.54 0.21 0.19 y9= ,0.0005 x "+" 2.72 0.15 0.13
Frost9Duration y9= 0.0393 x 9+9 2.40 0.32 0.12 y9= ,0.0116 x 9, 3.45 0.19 0.11
Max.9Frost9Depth y9= 0.0069 x 9+9 2.23 0.52 0.05 y9= ,0.0480 x 9+9 2.94 0.18 0.11
Root9Mass9C y9= 0.0037 x 9+9 1.15 0.08 0.20 y9= 0.0015 x 9+9 1.10 0.07 0.37
Spring
Growing9
Annual
R109Total9Soil9Respiration R109Bulk9Soil9Respiration
Model9Form Model9Form
Leaf,off
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Figure 2.8. Relationship between R10 of total soil respiration (Rs, left) and bulk soil 
respiration (Rh, right) during spring and soil frost duration during the previous winter. 
Black symbols represent reference plots and open symbols represent snow removal plots. 
Similar symbols represent the same plot in 2011 (small symbol) and 2012 (large symbol).  
 
Apparent temperature sensitivity of soil respiration (i.e. apparent Q10) ranged 
from 1.88 to 9.48 across plots and seasons and tended to be highest during the leaf-off 
and spring seasons for both total and bulk soil respiration (Table 2.7). Snow removal had 
no effect on apparent Q10 of total soil respiration in any season or annually. However, 
apparent Q10 of total soil respiration during the spring declined by 59% at an exponential 
rate with increasing soil frost duration during the previous winter (Table 2.8; Figure 2.9). 
Snow removal during the winter of 2010/11 resulted in a 0.37 unit decrease in apparent 
Q10 of bulk respiration during the leaf-off season (p = 0.01), but resulted in a negligible 
increase (0.08) in apparent Q10 at the annual scale (p = 0.05; Table 2.7). Apparent Q10 of 
bulk respiration during the leaf-off season significantly declined with increasing soil frost 
duration (p = 0.02), but this correlation was weak (R2LMM(m) = 0.23; Table 2.8). Spring 
apparent Q10 of bulk respiration was negatively correlated with soil freezing and this 
relationship was strongest for frost duration, which reduced apparent Q10 by 57% at an 
exponential rate across the range in soil frost duration (Table 2.8; Figure 2.9).  
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Table 2.7. Annual and seasonal apparent Q10 of total (top) and bulk (bottom) soil 
respiration. p - values refer to comparisons between reference and snow removal plots. 
Mean and standard error for reference and snow removal plots are included. Significant 
relationships are in bold.  
 
 
Table 2.8. Annual and seasonal response of apparent Q10 to soil frost and root biomass. 
Significant relationships are in bold font.   
 
Plot Component 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12 2010/11 2011/12
Reference21 2.6 3.7 2.7 4.1 2.7 8.0 2.6 2.1
Reference22 2.9 2.8 2.7 2.4 3.2 6.1 2.9 2.4
Reference23 3.5 3.9 5.3 3.5 3.0 5.6 3.0 4.5
Reference2Mean 3.02±20.3 3.52±20.3 3.62±20.8 3.32±20.5 3.02±20.1 6.52±20.7 2.82±20.1 3.02±20.8
Snow2Removal21 3.5 3.9 5.4 4.0 2.9 5.7 2.4 4.2
Snow2Removal22 3.8 3.1 4.6 2.9 3.7 4.3 3.5 2.8
Snow2Removal23 3.8 4.8 4.6 6.6 2.8 7.1 5.1 2.7
Snow2Removal2Mean 3.72±20.1 3.92±20.5 4.92±20.3 4.52±21.1 3.12±20.3 5.72±20.8 3.72±20.8 5.72±20.8
PAvlaue 0.06 0.51 0.22 0.39 0.67 0.48 0.35 0.84
Reference21 2.7 3.7 2.9 3.4 3.6 4.7 3.1 3.6
Reference22 2.6 2.9 3.0 3.4 2.8 3.4 2.4 1.9
Reference23 2.9 3.7 3.0 3.3 3.5 5.6 2.9 2.3
Reference2Mean 2.12±20.1 3.42±20.3 3.02±20.02 3.42±20.04 3.32±20.3 4.62±20.6 2.82±20.2 2.62±20.5
Snow2Removal21 3.1 4.0 5.2 4.8 3.3 6.8 2.1 2.1
Snow2Removal22 3.2 3.2 4.1 3.6 3.6 6.4 2.8 2.7
Snow2Removal23 3.9 4.7 5.1 5.3 3.0 9.5 5.6 2.2
Snow2Removal2Mean 3.42±20.2 4.02±20.4 4.82±20.4 4.62±20.5 3.32±20.2 7.62±21.0 3.52±21.1 2.32±20.2
PAvlaue 0.05 0.34 0.01 0.08 0.95 0.06 0.57 0.64
Bulk2Soil2
Respiration
Total2Soil2
Respiration
Growing2SeasonAnnual LeafAoff2Season Spring
Season Variable P,value R2LMM(m) P,value R2LMM(m)
AUC y9= 0.0003 x !+! 3.35 0.57 0.07 y9= ,0.0002 x !+!3.55 0.61 0.01
Frost9Duration y9= ,0.0059 x 9+9 4.08 0.61 0.02 y!= %0.0212 x !+!5.38 0.02 0.23
Max.9Frost9Depth y9= 0.0138 x 9+9 3.36 0.77 0.03 y9= ,0.0319 x 9+93.77 0.47 0.03
Root9Mass9C y9= 0.0025 x 9+9 2.40 0.41 0.11 y9= 0.0014 x 9+92.19 0.13 0.26
AUC y9= 0.0011 x 9+9 3.27 0.25 0.18 y9= 0.0003 x 9+93.69 0.27 0.03
Frost9Duration y9= 0.0291 x 9+9 1.34 0.27 0.13 y9= 0.0001 x 9+93.92 0.99 <0.01
Max.9Frost9Depth y9= 0.0947 x 9+9 2.94 0.35 0.12 y9= 0.0293 x 9+93.57 0.32 0.02
Root9Mass9C y9= 0.0057 x 9+9 1.45 0.38 0.13 y9= 0.0022 x 9+92.07 0.12 0.43
AUC y9= ,0.0019 x !+! 5.92 0.18 0.21 y!= %0.0043 x !+!7.75 0.01 0.37
Frost9Duration log(y)!= %0.0202 x !+! 3.35 0.01 0.63 log(y)!= %0.0192 x !+!3.28 0.01 0.47
Max.9Frost9Depth y9= ,0.2153 x 9+9 7.17 0.14 0.25 log(y)!= %0.0710 x !+!2.33 0.03 0.36
Root9Mass9C y9= ,0.0046 x 9+9 6.70 0.56 0.04 y9= 0.0023 x 9+92.70 0.45 0.07
AUC y9= 0.0008 x !+! 2.64 0.29 0.13 y9= 0.0012 x !+!1.94 0.12 0.28
Frost9Duration y9= 0.0082 x 9+9 2.41 0.69 0.00 y9= 0.0319 x 9, 0.20 0.14 0.25
Max.9Frost9Depth y9= 0.0819 x 9+9 2.20 0.27 0.14 y9= 0.1181 x 9+91.38 0.14 0.25
Root9Mass9C y9= 0.0035 x 9+9 1.57 0.39 0.09 y9= 0.0009 x 9+91.99 0.56 0.04
Model9Form
Q109Bulk9Soil9Respiration
Leaf,off
Spring
Annual
Q109Total9Soil9Respiration
Model9Form
Growing9
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Figure 2.9. Relationship between apparent Q10 of total soil respiration (Rs) and bulk soil 
respiration (Rh) during spring and soil frost duration during the previous winter. Black 
symbols represent reference plots and open symbols represent snow removal plots. 
Similar symbols represent the same plot in 2011 (small symbol) and 2012 (large symbol).  
 
Spring Ramp-up in Soil Respiration 
 Ramp-up in soil respiration during the spring was negatively correlated with soil 
frost duration during the previous winter (Figure 2.10). The rate of ramp-up in total soil 
respiration declined 38% from a short (72 days) to long (116 days) soil frost duration. 
Soil frost duration was negatively correlated with ramp-up in bulk soil respiration, which 
declined 40% from a short to long soil frost duration. Rate of increase in soil temperature 
was positively correlated with ramp-up in bulk soil respiration, which increased 75% 
from low (0.11 °C day-1) to high (0.23 °C day-1) rates of temperature increase. There was 
no significant correlation between soil frost duration and rate of soil temperature increase 
in the spring (p = 0.76; data not shown).  
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Figure 2.10. Spring ramp-up of total (Rs) and bulk (Rh) soil respiration as influenced by 
soil frost duration (Rs and Rh) in the previous winter and rate of spring soil temperature 
increase (Rh). Black symbols represent reference plots and open symbols represent snow 
removal plots. Similar symbols represent the same plot in 2011 (small symbol) and 2012 
(large symbol). 
 
Root Decomposition and CO2 Contributions to Heterotrophic Respiration  
Root necromass in the cylinders sequentially removed to quantify rates of root 
decomposition declined ~38% at a linear rate over the 913 day decomposition period 
(Figure 2.11). Annual rates of CO2 losses from root decomposition ranged from 9 to 13% 
of annual losses of CO2 from bulk soil respiration (before being adjusted to account for 
CO2 losses associated with root decomposition; data not shown). Root necromass in the 
cylinders at the end of this study (Tfinal) and estimates of T0 root biomass varied by up to 
a factor of two across plots (Table 2.9).  
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Figure 2.11. Root mass associated with decomposition in root exclusion cylinders. Each 
point represents the mean total root biomass of six cores except for the samples on day 
913 when four cores were used. Error bars represent standard error of the mean. 
 
 
 
Table 2.9. T0 root mass, rates of total root decomposition (Totaldecomposition), and total root 
mass at the end of the study (Tfinal) estimated from total root mass loss from 
decomposition in reference and snow removal plots. ‘Total’ refers to roots of all sizes. 
See methods for calculation details. p -values refer to comparisons between reference and 
snow removal plots. Mean and standard error for reference and snow removal plots are 
included. 
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DISCUSSION 
Effects of a Reduced Winter Snowpack on Soil Frost  
Similar to findings from previous studies (e.g., Hardy et al. 2001), snow removal 
in this study decreased soil temperatures and increased the depth and duration of soil frost 
during the first winter of our experiment. The winter of 2011/12 had low snowfall and 
above average air temperatures (Rasche 1958; Fitzpatrick et al. 2012), precluding any 
effect of snow removal on soil temperatures and frost depth relative to the reference 
plots. The difference in air temperature between the two winters (4.2 °C) was within the 
range of winter warming projected by the end of the 21st century for the northeastern U.S. 
(Hayhoe et al. 2007), providing insight into how soil frost dynamics might change in 
response to winter climate change. Across plots and the two winters, we observed a wide 
range in soil frost (depth, duration, and AUC for soil frost) conditions that facilitated an 
alternative approach to analyzing data from a snow removal experiment. In addition to 
using categorical, binary predictor variables (i.e. reference vs. snow removal), which are 
often used in snow removal experiments (Blankinship and Hart 2012), we used 
continuous variables (e.g., soil frost duration) as potential drivers of changes in soil 
respiration. Using this approach, we found that the response of soil respiration to soil 
freezing was correlated with the magnitude of soil freezing (largely frost duration) rather 
than simply the presence or absence of deep soil frost.  
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Soil Respiration 
In the reference plots, the measured rates of total soil respiration (2011 mean and 
SE = 1168 ± 205 g C m-2 y-1; 2012 mean and SE = 1173 ± 122 g C m-2 y-1) and bulk soil 
respiration (2011 mean and SE = 978 ± 100 g C m-2 y-1; 2012 mean and SE = 880 ± 62 g 
C m-2 y-1) were > 25% and >20%, respectively, higher than the fluxes reported for similar 
forest types at Harvard Forest (Savage and Davidson 2001; Melillo et al. 2002; Giasson 
et al. 2013). Differences between the fluxes from total soil respiration reported here and 
in previous studies may be due to differences in sampling methodology and the spatial 
scale of measurements. For example, Giasson et al. (2013) estimated two decades of 
annual rates of total soil respiration using data collected from up to 19 deciduous forest 
sites across five tracts of land at Harvard Forest, which may have muted the signal of 
locations with particularly high soil fluxes. Additionally, nearly three-quarters of the data 
points used by Giasson et al. (2013) were collected using automated chambers that 
provide a much higher temporal resolution of soil respiration (numerous measurements 
per day) than was possible in the present study (bi-weekly/monthly measurements). 
These contrasting sampling frequencies can produce different estimates of annual fluxes 
because soil respiration can exhibit diurnal patterns not explained by differences in 
temperature alone (Tang et al. 2005). Furthermore, annual rates of soil respiration in 
mixed temperate forests can vary by 50 to 100% across years (Savage and Davidson 
2001; Giasson et al. 2013), which may confound cross-study comparisons of limited 
duration. When averaged across all plots, our estimates of root-rhizosphere contributions 
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to total soil respiration were low (annual mean = 19%), but close to the 20 to 33% 
reported at Harvard Forest (Bowden et al. 1993; Melillo et al. 2002).  
Our estimates of root-rhizosphere respiration occasionally included unrealistic 
negative values and were likely a result of methodological artifacts. We estimated root-
rhizosphere respiration from the difference in rates of respiration between soils with live 
roots excluded (e.g., via trenching) and undisturbed soils. While this is a commonly used 
approach (Kuzyakov 2006), it is not without limitations and it is possible that our sample 
size (n = 4 trenched subplots and n = 4 undisturbed subplots per plot) was not sufficiently 
large enough to detect consistent fluxes in root-rhizosphere respiration amidst the high 
spatial variability in soil respiration within our plots (varied by > 100% across soil 
respiration collars).  
The trend of increasing total soil respiration with greater AUC that amounted to a 
27% increase in annual soil CO2 efflux indicates that the combination of depth and 
duration of frozen soil may be an important driver of total soil respiration. Previous work 
in temperate deciduous forests found that annual soil CO2 effluxes were not significantly 
affected by snow removal (Groffman et al. 2006). However, the ANOVA approach with 
categorical values (reference vs. snow-removal plots) used by Groffman et al. (2006) 
does not provide insight into the extent to which their data might exhibit a response of 
CO2 fluxes along a continuum of soil frost conditions. While we expected soil freezing to 
reduce rates of bulk respiration and increase rates of root-rhizosphere respiration, neither 
component of soil respiration was affected by soil freezing in our study. To our 
knowledge, no previous studies have investigated the separate response of bulk and root-
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rhizosphere respiration to soil freezing in temperate deciduous forests. However, root-
rhizosphere respiration increased in response to soil frost in a Norway spruce forest, 
which was attributed to higher root mortality and root productivity (Muhr et al. 2009). 
Muhr et al. (2009) also found that rates of total soil respiration were reduced by large 
declines in heterotrophic respiration from increased vulnerability of the microbial 
community to summer drought. No drought or severe soil moisture stress were evident in 
the present study so we cannot assess the extent to which soil frost increases vulnerability 
of soil microbes to extreme events in temperate deciduous forests, which may exhibit 
important differences in its microbial community compared to Norway spruce forests. 
Our measurements of R10 for total soil respiration (range across plots and years 
2.1 to 3.4 µmol m-2 s-1) and apparent Q10 for total soil respiration (range across plots and 
years 2.8 to 4.8) were within the range reported for deciduous forests at Harvard Forest 
(R10 range 1.0 to 3.5 µmol m-2 s-1; Q10 range = 1.8 to 8.5; Giasson et al. 2013). R10 and 
apparent Q10 of total soil respiration were generally higher than that of bulk soil 
respiration, reflecting contributions from root-rhizosphere respiration and its higher 
apparent Q10 (Boone et al. 1998; Luan et al. 2013). Soil freezing increased annual R10 of 
total soil respiration by 30%, which is comparable to the nearly significant increase in 
annual rates of total soil respiration. Because annual apparent Q10 of total soil respiration 
was unaffected by soil freezing, R10 may be driving higher annual rates of soil respiration 
in response to soil freezing. The effects of soil freezing on R10 during the spring were 
much more pronounced for total soil respiration than bulk respiration, suggesting that 
roots play an important role in this response. Previous research has reported reduced root 
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vitality (Cleavitt et al. 2008; Comerford et al. 2013) and increased root mortality and 
turnover (Tierney et al. 2001) in response to soil frost. Damage to roots during winter soil 
freezing likely increases substrate available for microbial decomposition (Scott-Denton et 
al. 2005) in the spring and stimulates belowground C allocation to repair damaged roots, 
both of which may result in higher rates of basal respiration. In contrast to R10, apparent 
Q10 of soil respiration in the spring declined by more than half across the 44 day increase 
in soil frost duration during the previous winter. Because apparent Q10 of total and bulk 
soil respiration declined to similar extents and the contribution of root-rhizosphere 
respiration to total soil respiration was low during the spring (<14%), it is likely that the 
response of non-rhizosphere associated microbes was largely responsible for reductions 
in apparent Q10. The underlying mechanisms driving the responses observed here are 
unclear. However, the positive correlation between soil frost duration and R10 make it 
unlikely that reductions in microbial biomass are causing the reductions in apparent Q10 
in the present study. This assertion is supported by previous research indicating that soil 
freezing has little effect on microbial biomass or community structure (Kopnen et al. 
2007; Matzner aand Borken 2008; Groffman et al. 2011). However, Tan et al. (2014) 
recently found that snow removal in a spruce-fir forest in China resulted in higher 
microbial biomass C but reduced invertase (breaks down sugars) activity during the early 
growing season. Future research should investigate soil freezing-mediated controls on 
apparent Q10 during the spring such as possible changes in enzyme activity, microbial 
carbon use efficiency and the relative availability of labile substrate, which can be 
negatively correlated with temperature sensitivity of soil respiration (Fierer et al. 2006).  
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The decreased rate of spring ramp-up of total and bulk soil respiration in response 
to soil frost duration was not due to slower warming of soils as initially expected. Instead, 
we suspect the likely explanation for this is a shift in the microbial processes driving the 
observed substantial decline in apparent Q10 with increasing soil frost duration (see 
discussion above). The greater importance of the rate of increase in soil temperature for 
ramp-up in bulk respiration than total soil respiration may reflect different drivers of bulk 
and root-rhizosphere respiration and the importance of plant phenology in driving 
seasonal patterns of soil respiration at Harvard Forest (Giasson et al. 2013). For example, 
root-rhizosphere respiration is influenced by patterns of resource allocation within a tree 
(Högberg 2010) and rapid fine root growth during the spring in hardwood forests at 
Harvard Forest (McClaugherty et al. 1982) may obscure a relationship with rate of 
temperature increase. Bulk respiration by comparison is strongly driven by soil 
temperature and quality of soil organic matter (Davidson and Janssens 2006).  
Patterns of soil respiration in the spring can have important implications for soil 
CO2 efflux (Savage and Davidson 2001) and we were surprised that slower rates of ramp-
up in spring soil respiration did not correspond to lower soil CO2 fluxes. It appears that 
the contrasting responses of spring R10 and apparent Q10 to longer soil frost duration 
offset one another, thereby negating any effect slower ramp-up in respiration might have 
on spring or annual rates of soil CO2 efflux. 
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Root Mass and Soil Respiration 
Similar to other studies in temperate forests (e.g., Bowden et al. 1993; Melillo et 
al. 2002l Martin et al. 2009), root mass exerted an important control on R10 and rates of 
soil respiration, which may suggest that we underestimated the contribution of the root-
rhizosphere to total soil respiration. Interestingly, we observed the strongest influence of 
root mass on winter rates of soil respiration, which is in contrast to previous assertions 
(e.g., Groffman et al. 2006) and suggests an important role of rhizosphere respiration 
during winter in temperate deciduous forests. Similarly, Schindlbacher et al. (2007) 
attributed up to 50% of winter soil respiration to rhizosphere respiration in a temperate 
conifer forest. In our study, root mass in exclusion cylinders, was often correlated with 
bulk soil respiration. This pattern was present even after rates of bulk respiration were 
adjusted to account for decomposition of decaying roots, which may suggest a legacy 
effect of roots on the quality and/or quantity of substrate available for microbial 
decomposition.  
 
CONCLUSIONS 
 This study highlights the important interaction between winter soil frost dynamics 
and the C cycle of forest ecosystems in the northeastern U.S. While many factors 
influence soil respiration, our results suggest that a longer duration of soil frost in winter 
increases R10 of total soil respiration by up to 30% annually and 90% during spring, and 
these patterns translate into a nearly significant trend for greater soil CO2 efflux at the 
annual time scale. Increases in R10 appear to be mediated by the root-rhizosphere 
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response to soil frost that appears to be partially offset by large reductions in apparent Q10 
of soil respiration with increasing soil frost duration. We documented slower spring 
ramp-up in total and bulk soil respiration in response to a longer duration of soil frost in 
the previous winter, which we attribute to reductions in apparent Q10 of soil respiration. a 
While the duration (i.e. two years) and small spatial scale of this study limit 
extrapolation, our results suggest changes in winter climate that result in greater severity 
of soil freezing may increase soil losses of CO2 from temperate deciduous forests. 
Furthermore, it is unclear how soil frost induced changes in R10 and apparent Q10 of soil 
respiration might interact with projected soil warming during the growing season to effect 
soil CO2 efflux. Taken together, the results from this study show that soil freezing is an 
important winter climate variable that should be considered when investigating controls 
on C cycling in forest ecosystems.
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CHAPTER 3 
EFFECTS OF WINTER CLIMATE CHANGE ON THE CONTRIBUTION OF 
STEM EFFLUX TO ECOSYSTEM CO2 LOSSES IN A TEMPERATE 
DECIDUOUS FOREST 
 
ABSTRACT 
Forests of the northeastern U.S. are currently a net carbon sink and play an 
important role in offsetting this region’s anthropogenic emissions of carbon dioxide 
(CO2). Climate models for this region project reductions in the depth and duration of 
winter snowpack, which are expected to increase the severity and frequency of soil frost. 
We conducted a snow removal experiment at Harvard Forest in central Massachusetts, 
USA to quantify the effects of a reduced winter snowpack and increased soil frost on 
stem CO2 efflux in a mixed temperate forest. Snow accumulated naturally in reference 
plots, but was removed from treatment plots to induce soil freezing during the first five 
weeks of the 2010/2011 and 2011/2012 winters. Snow removal during the first winter, 
which had average air temperatures and a deep, persistent snowpack, increased the depth 
and duration of soil frost. In contrast, above average air temperatures and low snowfall in 
the second winter resulted in soil frost in all plots that was comparable to the reference 
plots in the first winter. There was no effect of soil frost or the contrasting winter 
conditions on stem CO2 efflux from red oak (Quercus rubra) and red maple (Acer 
rubrum) trees. Stem CO2 efflux was positively correlated with tree DBH up to 45 cm, but 
was negatively correlated with DBH for large red oak trees greater than45 cm DBH. 
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Apparent temperature sensitivity (apparent Q10) of stem efflux was ~2.2 for both red oak 
and red maple trees and variation in stem efflux was largely driven by differences in 
DBH. Estimates of growing season CO2 losses from stem efflux (0 to 10 m stem height) 
in this temperate hardwood forest were up to 2.56 Mg CO2 ha-1, which was less than 10 % 
of the CO2 losses from soil respiration during the same time period. Our results suggest 
that, in the short-term, soil frost does not have an important effect on growing season 
stem CO2 efflux and that losses of CO2 from stem efflux make a relatively small, but 
measureable, contribution to ecosystem CO2 losses in temperate hardwood forests of the 
northeastern U.S. 
 
INTRODUCTION 
Forests of the northeastern U.S. contain more than 15% of the total carbon (C) 
stored in U.S. forests (Heath et al. 2003) and are typically considered to be net C sinks 
(Turner et al. 1995; Fan et al. 1998; Houghton et al. 1999), offsetting a little over 7.5% of 
this region’s annual anthropogenic carbon dioxide (CO2) emissions (Lu et al. 2013). 
Ecosystem losses of CO2 play a role in the strength of the C sink in forest ecosystems 
(Valentini et al. 2000). In temperate forests, autotrophic respiration accounts for 
approximately two-thirds of total CO2 losses (Malhi et al. 1999). Therefore, 
environmental perturbations that affect rates of autotrophic respiration can have 
important implications for C storage in temperate forests. Projected reductions in the 
winter snowpack for the northeastern U.S. have been shown to damage trees in temperate 
deciduous forests (Tierney et al. 2001; Commerford et al. 2013); however, the extent to 
  
83 
which winter climate change alters autotrophic losses of CO2 from sources such as CO2 
efflux from tree stems is unknown.  
Tree stem CO2 efflux is the product of CO2 produced locally from respiring 
tissues in the sapwood and cambium of the stem and from root-respired CO2 transported 
through the xylem in the transpiration stream (Trumbore et al. 2013). Across forest 
ecosystems, stem CO2 efflux is positively correlated with gross primary productivity 
(GPP; Litton et al. 2007) and is closely coupled with rates of photosynthesis and wood 
production. Stem efflux generally declines from tropical to boreal regions (Malhi et al. 
1999) and tends to be highest during the growing season and lowest during the dormant 
season (Edwards and Hanson 1996; Chambers et al. 2004; Maunoury et al. 2007; Acosta 
et al. 2008; Kuptz et al. 2011). The process of stem efflux is an important CO2 flux in 
forest ecosystems, which generally leads to CO2 losses equivalent to 10 to 20% of GPP, 
although estimates as high as 30 to 40% have been reported (see review by Litton et al. 
2007). In a temperate deciduous forest where the proportion of ecosystem CO2 losses 
attributable to stem efflux has been quantified, Malhi et al. (1999) found that that the 
combined CO2 efflux from tree stems and branches comprises approximately 17% of 
ecosystem CO2 losses.  
In the northeastern U.S., winter (December through March) air temperatures have 
been increasing by 0.43 ± 0.12 °C per decade and snowpack duration and maximum 
depth have been declining by 3.6 ± 1.3 days (Burakowski et al. 2008) and 4.8 cm per 
decade (Campbell et al. 2010), respectively, since the 1960s. These trends are expected to 
continue and climate models project winter air warming of 1.7 to 5.4 °C and a further 
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reduction in the duration of winter snowpack by 9.6 to 15.2 days by the end of the 21st 
century, relative to the 1961-1990 mean (Hayhoe et al. 2007). A reduced winter 
snowpack can increase soil exposure to freezing air temperatures and result in colder 
soils and greater frequency of soil frost during winter and early spring (Boutin and 
Robitaille 1994; Hardy et al. 2001). Past studies show that reduced snowpack and 
increased soil frost damages fine roots and increases root mortality (Tierney et al. 2001; 
Comerford et al. 2013), as well as reduces N uptake by trees (Campbell et al. 2014), 
leading to increased NO3- losses in leachate (Campbell et al. 2014; Groffman et al. 2001). 
Aboveground, soil freezing reduces terminal shoot elongation, foliar Ca:Al ratios, and 
concentrations of foliar non-structural carbohydrates (Comerford et al. 2013). Together, 
these studies illustrate the damaging effects of soil freezing on the health and functioning 
of trees during the growing season. If negative effects of soil freezing on aboveground 
tree tissues impair respiration and/or photosynthesis, it is possible that rates of stem CO2 
efflux could be reduced as well due to its close coupling with the supply of recently 
produced photosynthate (Edwards and McLaughlin 1978; Wertin and Teskey 2008; 
Maier et al. 2010; Clinton et al. 2011) and root respiration (Trumbore et al. 2013). 
Increased severity of soil freezing has been shown to reduce (Öquist et al. 2008; Sullivan 
et al. 2008; Muhr et al. 2011) or have no impact (Groffman et al. 2006) on soil CO2 
fluxes to the atmosphere. However, to our knowledge, no studies have investigated the 
effects of a reduced winter snowpack and increased severity of soil frost on aboveground 
CO2 fluxes in forest ecosystems.  
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We conducted a snowpack removal experiment in a mixed hardwood forest in the 
northeastern U.S. to quantify the effects of a reduced snowpack and increased depth and 
duration of soil frost on stem CO2 efflux. We expected red oak trees to be less susceptible 
to soil frost damage than red maple trees because red oak trees tend to have a deeper 
rooting system (Lyford and Wilson 1964; Lyford 1980) and have higher concentrations 
of non-structural carbohydrates in the stem (Richardson et al. 2013). Non-structural 
carbohydrates could provide a buffer against soil-frost induced declines in photosynthate 
production. We therefore hypothesized that snow removal and increased depth and 
duration of soil frost diminishes rates of stem CO2 efflux from red maple and red oak 
trees, but the effect is stronger in maple trees. We also expected that stem CO2 efflux 
would make a small but important contribution to ecosystem CO2 losses, relative to soil 
respiration. 
 
METHODS 
Site Description 
This study was conducted in the Prospect Hill Tract of Harvard Forest in central 
Massachusetts (42°30’ N, 72°10’ W, 380 m above sea level), which is a mixed hardwood 
forest dominated by red oak and red maple with eastern hemlock (Tsuga Canadensis (L.) 
Carr.), American beech (Fagus grandifolia Ehrh.) and eastern white pine (Pinus strobus 
L.) commonly found. The land was a pasture until about the year 1900, after which forest 
began to naturally regenerate. Soils are of the Montauk series (coarse-loamy, mixed, 
mesic Oxyaquic Dystrudepts) and Whitman series (loamy, mixed, mesic, shallow Typic 
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Humaquepts). The climate is cool temperate and humid with mean temperatures of 20 °C 
in July and -7 °C in January. Annual mean precipitation is 1100 mm, evenly distributed 
throughout the year.  
 
Experimental Design and Stand Characteristics 
During the summer of 2010, we established six 13 m x 13 m plots (n = 3 
reference and 3 snow removal plots) each with a 1.5 m buffer on each side from which no 
data were collected. Plots were centered on two mature red oak trees and two mature red 
maple trees. Snow was manually removed from the treatment plots via shoveling within 
24 hours of snowfall for the first five weeks of the 2010/2011 and 2011/2012 winters to 
simulate a reduced snowpack depth and duration and induce soil frost. A compacted 3-5 
cm base of snow was left in all plots to prevent damage and to maintain wintertime 
albedo of the forest floor. Snow accumulated naturally in the reference plots throughout 
the winter and in the treatment plots after the end of the snow removal period (see figure 
2.1).  
Tree species composition, tree diameter at breast height (DBH), basal area, and 
stem surface area (0 to 10 m height, which is below the lowest branch) were quantified in 
each plot for trees larger than 10 cm DBH (the lower size limit of canopy trees in these 
plots; hereafter referred to as canopy trees). Tree stem surface area was calculated 
following the equation for a tapered cylinder: 
SA = π *(DBase + D10m)/2 * Height (1) 
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where SA is stem surface area, DBase is the diameter at the base of the tree just above the 
root collar, D10m is the diameter at 10 m height, and Height is the height to which we 
calculated surface area. Tree diameter at 10 m height was estimated from the linear rate 
of taper quantified for each individual tree (four center and all other canopy trees in each 
plot) from four diameter measurements made between just above the root collar and 3 m 
height. Trees aside from red maples and red oaks were categorized as ‘other species’ and 
were comprised mostly of American beech with eastern hemlock, Norway spruce (Picea 
abies (L.) H.Karst.), yellow birch (Betula allegheniensis Britton), and white pine also 
included. We calculated plot-level stem surface area index, which is the ratio of tree stem 
surface area to ground surface area (169 m2 ground area for each plot), for red maple 
trees, red oak trees, other species, and their sum (hereafter referred to as ‘total’).  
Across all of the six plots, red oak trees were generally larger than red maple trees 
and these two species together comprised 80 to 90% of the basal area and stem area to a 
stem height of 10 m (Table 3.1). Tree DBH, basal area, stem area, and stem area index 
were comparable between reference and snow removal plots (P > 0.05 for all 
measurements; Table 3.1). 
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Table 3.1 Stand characteristics of the reference and snow removal plots. Values represent 
the mean with standard error. Distinct lower case letters indicate statistically significant 
differences between species within a plot type for a given parameter.  
 
Stem CO2 Efflux 
Prior to leaf-out in 2011, one stem efflux collar was attached to each of the center 
two red oak and two red maple trees in each plot (Figure 3.1). Stem efflux collars were 
constructed from PVC pipe (10 cm inside diameter) with an arch cut into one end to 
conform to the curve of the tree stem and create a secure attachment; the narrowest point 
on each collar was 5 cm. Trees larger than 30 cm in diameter were flat enough that an 
arch in the collar was unnecessary. Each collar was attached to the north side of each tree 
at breast height (1.4 m) using 100% silicone sealant (General Electric Silicone II Sealant) 
and allowed to dry for at least 24 h prior to measurement. To ensure secure attachment, 
Between&Treatments&&
Stand&Parameter Component units ANOVA&P &ANOVA&P &ANOVA&P
Red&oak 38.6 ±&2.1a 34.0 ±&4.8a 0.43
Red&maple 21.5 ±&2.1b 18.3 ±&2.7b 0.40
Red&oak 46.0 &&&&&G 23.6 ±&8.50 0.43
Red&maple 19.4 ±&2.0 18.5 ±&4.03 0.85
Other 15.7 ±&1.2 17.6 ±&1.61 0.10
Red&oak 0.32 ±&0.07a 0.27 ±&0.05a 0.60
Red&maple 0.17 ±&0.04ab 0.13 ±&0.01b 0.46
Other& 0.03 ±&0.01b 0.06 ±&0.03b 0.35
Total 0.51 ±&0.12 0.45 ±&0.02 0.76
Red&oak:Red&maple 0.14 0.04
Red&oak:Other 0.01 <&0.01
Red&maple:Other 0.19 0.31
Red&oak 23.2 ±&3.7a 22.5 ±&4.1a 0.89
Red&maple 25.4 ±&4.3a 20.8 ±&1.3ab 0.36
Other& 5.4 ±&1.3b 8.7 ±&3.2b 0.40
Total 54.1 ±&7.5 51.9 ±&4.3
Red&oak:Red&maple 0.9 0.92
Red&oak:Other 0.02 0.05
Red&maple:Other 0.01 0.08
Red&oak 0.14 ±&0.02a 0.13 ±&0.02a 0.89
Red&maple 0.15 ±&0.03a 0.12 ±&0.01ab 0.36
Other& 0.03 ±&0.01a 0.05 ±&0.02b 0.40
Total 0.32 ±&0.04 0.31 ±&0.03 0.81
Red&oak:Red&maple 0.9 0.92
Red&oak:Other 0.02 0.05
Red&maple:Other 0.01 0.08
0.01 0.04
cm
cm
m2&plotG1
m2&plotG1
0.040.01
<&0.01 0.01
0.234
Stem&Area&Index&&&&&&&&&&&&&&&&&&&&&&&&&
Tukey&HSD&
pGvalue
Tukey&HSD&
pGvalue
Tukey&HSD&
pGvalue
Stem&Area&&&&&&&&&&&&&&&&&&&&&&&&&
m2&mG2
Reference Snow&Removal
Basal&Area&&&&&&&&&&&&&&&&&&&&&&&&&
Diameter&at&Breast&Height&&&&&&&&&&&&&&&&&&&&&&&
(Trees&w/&efflux&collars) <&0.01 <&0.05
Diameter&at&Breast&Height&&&&&&&&&&&&&&&&&&&&&&&
(Trees&w/out&efflux&collars) 0.74
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loose bark, moss, and lichen were gently removed from an area the size of the collar prior 
to collar installation. Laboratory measurements confirmed that the silicone sealant does 
not introduce any detectable changes in CO2 efflux measurements. Briefly, a PVC collar 
10 cm wide and 5 cm deep was attached to a piece of Plexiglas using silicone sealant. 
The CO2 flux was measured following the protocol described below, but no flux could be 
detected (detection limit < 0.3 ppm change in chamber CO2 concentration).   
 
Figure 3.1. (A) Tree stem surface with lichen and moss removed and (B) before attaching 
the PVC stem efflux collar. (C) The LI-6400 with soil respiration chamber was held in 
place on the PVC stem efflux collar using compression straps. 
 
Stem CO2 efflux from collars was measured using a LI-6400 Infrared Gas 
Analyzer with soil respiration chamber (LI-COR Biosciences, Lincoln, NE, USA) that 
was attached horizontally to stem efflux collars using compression straps (sensu Xu et al. 
2000; Figure 3.1). Measurements were made between 1100 h and 1600 h local standard 
A 
B 
C 
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time twice per month during the growing season (defined here as May through October) 
in 2011 and 2012. Exceptions were August of 2011 and 2012 when only one 
measurement was made and July 2012 when no measurements were made due to 
technical issues with the LI-6400. 
 
Snow, Soil Frost and Temperature Measurements 
Snow and soil frost depth were measured weekly at four locations in each plot 
until snowmelt was complete and soil frost was no longer present. Snow depth was 
measured using meter sticks that were permanently affixed to stakes. Soil frost depth was 
measured using four frost tubes per plot (Ricard et al. 1976). Frost tubes were constructed 
from flexible polyvinyl chloride (PVC) tubing (1.3 cm diameter) filled with methylene 
blue dye. The solution is clear when frozen, enabling visual assessment of soil frost 
depth. The flexible tubes were inserted into a rigid PVC pipe to a soil depth of 50 cm and 
frost depth was determined by measuring the length of clear, frozen solution beneath the 
surface.  
Soil temperature was measured in one location at the center of each plot using 
CS107 temperature probes (Campbell Scientific, Logan, UT, USA) buried at a soil depth 
of 5 cm. One Campbell Scientific HMP45C-L was used to measure air temperature at 2 
m height in one location in the center of all six plots. All sensors were connected to 
CR1000 dataloggers (Campbell Scientific) and the average of measurements scanned at 
30-second intervals was recorded every 30 minutes. One of the reference plots was not 
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instrumented until spring 2011; therefore, soil temperature data presented for winter 
2010/2011 represent the mean of three snow removal plots and two reference plots. 
We measured sapwood temperature on the two central red maple and red oak 
trees in each plot. Sapwood temperature was measured just below and offset 1 to 3 cm 
horizontally from the stem efflux collars using 15 mm long thermocouples constructed 
from copper constantan (type T) thermocouple wire. Thermocouples were connected to 
CR 1000 dataloggers and the average of measurements scanned at 30-second intervals 
were recorded every 30 minutes. Gaps in stem temperature data (e.g., from power 
outages, malfunctioning probe, etc.) were filled using the relationship between the stem 
temperature of a tree with missing data and another tree if data were available or using 
the relationship between stem temperature and air temperature measurements collected in 
our plots if data were available or the Fisher Meteorological Station at Harvard Forest 
(downloaded from the Harvard Forest Data Archives, 
www.harvardforest.fas.harvard.edu/data-archive). 
Weekly measurements of snow and soil frost depth were used to characterize 
snow pack and soil frost conditions during the winters of 2010/11 and 2011/12. Snow 
cover duration was defined as the number of days with measureable snow on the ground. 
The depth and duration of soil frost was integrated into the parameter ‘Area Under the 
Curve’ (AUC), which was calculated by plotting weekly measurements of soil frost depth 
(Y-axis) against time (X-axis) and using a trapezoidal approach to calculate the area 
between the soil frost depth line and the x-axis (at a y-intercept of 0). The unit for AUC is 
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‘cm days’ which increases wither greater depth and/or duration of soil frost. AUC and 
duration of soil frost were calculated at the plot level. 
 
Scaling Up Stem CO2 Efflux Measurements 
 We scaled up measurements of stem efflux from per unit stem area to per unit 
ground area to enable us to compare the relative contribution of stem CO2 efflux vs. soil 
respiration to ecosystem CO2 losses. Stem efflux per unit ground area was calculated for 
red oak trees, red maple trees, other species and the total from: 
Stemforest = SAI * Stemcollar (2) 
Where Stemforest is stem efflux per unit ground area, SAI is stem area index and Stemcollar 
is stem efflux per unit stem area.  
We made our measurements of stem efflux at only one height on each of the four 
trees per plot because we found little variation in stem efflux vertically up to 5 m height 
along stems in trees adjacent to our plots (n = 3 red oak trees and n = 3 red maple trees). 
For these trees outside of the experimental plots, rates of stem efflux tended to increase 
with height by 3.9% m-1 for red oak trees and decrease by 4.6% m-1 for red maple trees, 
but these trends were not significant (red oak p = 0.28, red maple p = 0.09). Therefore, 
we scaled our measurements made at breast height of target trees in each experimental 
plot up to 10 m stem height.  
 We used stem surface area to extrapolate stem efflux to the ecosystem scale 
despite the fact that sapwood volume is often used to scale chamber measurements of 
stem CO2 efflux to the whole tree (Ryan et al. 1995; Damesin et al. 2002). We used stem 
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surface area in this study because it may provide a more accurate estimate of total stem 
CO2 efflux at the ecosystem scale (Chambers et al. 2004).   
Our scaled-up estimates of stem efflux for 0 to 10 m stem height for red oak and 
red maple trees were calculated using the mean efflux of the two red oak and two red 
maple trees measured in each plot, respectively. Stem efflux for other tree species was 
calculated using the mean efflux of the two red oak trees and the two red maple trees 
measured in each plot and scaled up using our measurements of total stem surface area of 
these individual trees.  
Cumulative losses of CO2 from stem efflux of all trees in each plot during the 
growing season were quantified using the relationship between the natural logarithm of 
stem efflux rates and sapwood temperature was used following: 
ln(Stemcollar) = β0 + β1Tsapwood  (3) 
where Stemcollar is the stem efflux measurement per unit stem area, β0 and β1 are 
regression coefficients and Tsapwood is the sapwood temperature. This relationship was 
quantified for each species (i.e. not individual red oak tree or red maple tree) in each plot 
using the mean efflux and mean stem temperature of the two trees per species at each 
sampling period. A natural logarithm transformation was used to linearize the otherwise 
exponential relationship between stem efflux and sapwood temperature. The lag time in 
the response of stem efflux to sapwood temperature was determined by comparing 
models with sapwood temperatures at the time stem efflux was measured, as well as one, 
two and three hours earlier. Cumulative CO2 losses for the growing season were 
quantified using the model with the highest coefficient of determination (r2). The 
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parameters of this equation were used to estimate the apparent temperature sensitivity 
(apparent Q10) of stem CO2 efflux for the growing season for each individual tree with a 
collar from: 
Q10 = exp(10*β1) (4) 
where β1 is a coefficient derived from equation 3. Cumulative stem efflux per unit ground 
area and apparent Q10 were compared to soil efflux and apparent Q10 using soil 
respiration data from the same plots (see chapter 2).  
 
Statistical analyses 
  All statistical analyses were conducted in R version 3.0.2 (R Core Team). We 
used analysis of variance (ANOVA) to examine potential differences in site variables 
within each year including snow and soil frost depth and soil temperature, site 
characteristics (DBH, basal area, stem area, and stem area index), total growing season 
stem efflux and apparent Q10 between reference and treatment plots. Interannual 
differences in site variables were examined using repeated measures ANOVA and 
posthoc tests were conducted with Tukey’s HSD pairwise comparisons. Effects of soil 
frost on stem efflux and apparent Q10 were quantified using linear mixed effects models 
(LMM) with plot as the random effect. AUC for soil frost, soil frost duration and 
maximum soil frost depth were used as continuous fixed effects. Linear regression was 
used to quantify the relationship between DBH and stem efflux. Analysis of Covariance 
(ANCOVA) was used to determine whether relationships differed between the two tree 
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species within the range in which there was overlap in their DBH (21 to 34 cm; red maple 
n = 5, red oak n = 6). 
An alpha = 0.05 was used to denote significance. Assumptions of normality and 
constant variance were assessed by visual inspection of residuals and Shapiro-Wilk 
normality test and response variables were log transformed as necessary. A linear mixed 
effects model coefficient of determination (R2) proposed by Nakagawa and Schielzeth 
(2013) was used as an absolute estimator of model fit. Marginal R2 (R2LMM(m)) was 
calculated to quantify variability explained by the fixed effects (Nakagawa and 
Schielzeth 2013) and used as an estimate of the fixed effects strength as a driver of stem 
efflux.  
 
RESULTS 
Effect of Snow Removal Treatment on Soil Frost and Temperature 
 The winter of 2010/2011 was relatively cold with a deep, persistent snowpack. 
The average air temperature during the winter (defined as Dec-Mar) was -3.7 °C, the 
snowpack in the reference plots was continuous, and the maximum snowpack depth in 
the reference plots was 61.8 ± 0.5 cm (Figure 3.2). Snow was removed from the snow 
removal plots during the first five weeks of winter and the maximum snow depth 
observed in the snow removal plots was 17.4 ± 0.5 cm. At the onset of the snow removal 
period soil frost was present in all six plots and averaged 7.5 ± 0.2 cm. After snow 
removal began in the three treatment plots, the maximum depth of soil frost increased to 
18.0 ± 0.5 cm. In contrast, the maximum depth of soil frost was significantly lower (p < 
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0.01) in the reference plots (9.7 ± 0.6 cm). As the snowpack accumulated in the reference 
plots, the maximum depth of soil frost began to decline. The soils thawed completely in 
these plots by the beginning of April 2011, but frozen soil was detected in the snow 
removal plots for an additional two weeks. The average winter soil temperature (5 cm 
depth) tended to be colder in the snow removal plots (-0.16 ± 0.3° C) than the reference 
plots (0.59 ± 0.59 °C) but these differences were not significant (p = 0.65). The minimum 
soil temperature was -2.7 ± 0.3 °C in the snow removal plots and -0.8 ± 0.6 °C in the 
reference plots, but the difference was not statistically significant (p = 0.81). 
In contrast to the winter of 2010/2011, the winter of 2011/12 was warmer and 
relatively snow free. The average air temperature was 0.5 °C and the snowpack was 
present for a significantly shorter period (Figure 3.2). Due to the lack of snowfall, snow 
was removed only twice and in both storms < 10 cm of snow fell. The maximum 
snowpack depth in the reference and snow removal plots was 17.8 ± 0.6 cm and 17.8 ± 
0.9 cm, respectively. Despite the average air temperature being above freezing, the 
presence of some stretches of below freezing air temperatures and the lack of an 
insulating snowpack allowed for soil frost to develop in all plots and last from late-
December (day 358) through mid-March (day 69). The maximum depth of soil frost was 
9.1 ± 1.2 cm and 9.3 ± 2.2 cm in reference and snow removal plots, respectively  (p = 
0.71). The mean winter soil temperature was 1.7 ± 0.4 °C in the reference plots and 1.5 ± 
0.6 °C in the snow removal plots, and these differences were not significant (p = 0.82). 
Similarly, there were no differences in minimum soil temperatures observed in the 
reference (-1.1 ± 1.0 °C) and snow removal plots (-0.8 ± 0.7 °C; p = 0.81).  
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Figure 3.2 Snow depth and soil frost depth during the winters of 2010/11 and 2011/12. 
Lines above the solid zero line indicate snow depth and lines below indicate soil frost 
depth. Closed symbols represent reference plots and open symbols represent snow 
removal plots. The grey shaded area indicates the snow removal period. The 
comparatively short snow removal period during the 2011/12 winter reflects the paucity 
of snowfall. Measurements of snow depth and soil frost depth ceased earlier in 2011/12 
than 2010/11 due to the earlier snowmelt and soil thaw dates. Error bars represent 
standard error of the mean. 
 
The colder air temperatures in the first winter of this study (2010/2011) coupled 
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greater maximum soil frost depth (p < 0.01) and colder soil temperatures (p < 0.01) 
compared to the second winter of this study in the snow removal plots (2011/2012). In 
contrast, the insulating snowpack in the reference plots during the winter of 2010/11 
resulted in significantly warmer soil temperatures (p = 0.02) than in the low snow winter 
of 2011/12. However, we did not observe any significant differences in the maximum soil 
frost depth (p = 0.95 cm) in the reference plots between the two winters.  
 
Effects of Snow Removal and Soil Frost on Stem CO2 Efflux 
Rates of stem CO2 efflux were positively correlated with stem temperature and 
fluxes tended to be highest during the middle of the growing season (Figure 3.3). Snow 
removal did not affect rates of stem efflux from red oak or red maple trees across 
individual sampling dates in 2011 (p = 0.73 and 0.47, respectively; Figure 3.3) or 2012 (p 
= 0.48 for red oak and red maple trees). Similarly, snow removal did not have a 
significant effect on total stem CO2 efflux per unit stem surface area during the 2011 or 
2012 growing seasons for either species (range = 114.5 to 347.1 g C m-2 stem for red oak 
trees; range = 104.9 to 256.9 g C m-2 stem for red maple trees; p > 0.05; Table 3.2). Total 
stem CO2 efflux during the growing season was significantly positively correlated with 
the duration of soil frost for red oak trees (p < 0.01; Table 3.3) and red maple trees (p = 
0.01); however, soil frost duration explained only a small proportion of the variability in 
the data (R2LMM(m) < 0.25). AUC and maximum soil frost depth were not significant 
drivers of stem CO2 efflux. 
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Figure 3.3. Average stem temperature and stem CO2 efflux for red oak and red maple 
during the growing season following the high snowfall winter of 2010-11 (left) and the 
low snowfall winter of 2011-12 (right). Measurements are expressed per unit stem 
surface area. Error bars represent standard error of the mean. 
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Table 3.2 Stem CO2 efflux per unit stem area from red oak and red maple trees in 
reference and snow removal plots during the 2011 and 2012 growing seasons. p-values 
refer to comparisons between reference and snow removal plots.  
 
 
Table 3.3. Growing season response of stem CO2 efflux per unit stem surface area to soil 
frost. Significant relationships are in bold font. 
 
Effects of Snow Removal and Soil Frost on Apparent Q10  
Estimates of apparent Q10 ranged from 1.6 to 2.7 for red oak trees and from 1.5 to 
3.3 for red maples trees across the 2011 and 2012 growing seasons (Table 3.4), and there 
were no significant differences between the reference and snow removal plots (p > 0.05). 
Similarly, there was no significant correlation between AUC, soil frost duration or 
maximum soil frost depth and apparent Q10 of stem efflux for red oak trees or red maple 
trees (Table 3.5). Apparent Q10 was then averaged by species across all plots (n = 6) 
because no differences between reference and snow removal plots were observed. While 
apparent Q10 varied among individual red oak and red maple trees, there were no 
2011 2012 2011 2012
Reference*1 347.1 295.4 190.0 163.9
Reference*2 321.5 238.6 182.5 147.0
Reference*3 149.1 114.5 256.9 188.1
Reference*Mean 272.6*±*62.2 216.2*±*53.4 209.8*±*23.6 166.3*±*11.9
Snow*Removal*1 272.2 220.0 243.6 173.9
Snow*Removal*2 252.0 170.9 229.0 146.3
Snow*Removal*3 212.6 177.1 143.3 104.9
Snow*Removal*Mean 245.6*±*17.5 189.3*±*15.4 205.3*±*31.3 141.7*±*20.1
p"value 0.70 0.66 0.91 0.35
Red*Maple
Growing*Season*Flux*(g*C*mG2*stem)
Red*Oak
Species Variable P,value R2LMM(m)
AUC y9= 0.0361 x 9+9153.1 0.28 0.08
Frost&Duration y&= 1.8153 x &+&7.8 0.01 0.24
Max.9Frost9Depth y9= 3.3630 x 9+9138.3 0.32 0.07
AUC y9= 0.0553 x 9+9189.7 0.17 0.08
Frost&Duration y&= 2.1391 x &+&27.6 <0.01 0.15
Max.9Frost9Depth y9= 6.1342 x 9+9155.2 0.12 0.09
Model9Form
Red9Maple
Red9Oak
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significant differences between the two species in 2011 (p = 0.94; Table 3.4) or 2012 (p = 
0.16). Similarly, apparent Q10 did not vary significantly between years for red oak (p = 
0.89) or red maple (p = 0.07). Apparent Q10 was not significantly correlated with DBH 
across the two species (P = 0.58; data not shown).  
Patterns of sapwood temperature for red oak and red maple trees overlapped and 
mirrored patterns of air temperature, but with a narrower amplitude and a lag time of 
approximately three hours. There was a strong, positive correlation between stem CO2 
efflux and sapwood temperature for red oak (mean r2 = 0.81) and red maple (mean r2 = 
0.71) trees with an offset of zero to three hours prior to efflux measurement that varied by 
individual tree (Table 3.4).  
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Table 3.4. Growing season apparent temperature sensitivity (apparent Q10) of stem CO2 
efflux and coefficient of determination (r2) for the relationship between stem temperature 
and the log(stem CO2 efflux) of red maple trees and red oak trees equipped with stem 
efflux collars. Stem temperature offset refers to time prior to measurement of stem CO2 
efflux. Regression coefficients correspond to the relationship associated with the stem 
temperature offset with the highest r2 value (bold font). Distinct lower case letters denote 
significant differences (alpha = 0.05) among red maple, red oak and soil respiration Q10 
in 2011 (top) and 2012 (bottom). 
 
 
Year Plot Species 0/hr /11/hr /12/hr /13/hr Slope Intercept
2011 Reference/1 Red/Maple 0.62 0.64 0.63 0.61 0.0556 10.9089
Reference/2 Red/Maple 0.79 0.74 0.72 0.71 0.1180 12.0789
Reference/3 Red/Maple 0.81 0.83 0.85 0.81 0.0904 11.1228
Snow/Removal/1 Red/Maple 0.74 0.75 0.77 0.79 0.0644 10.7141
Snow/Removal/2 Red/Maple 0.70 0.73 0.71 0.69 0.0719 11.2930
Snow/Removal/3 Red/Maple 0.78 0.77 0.79 0.80 0.0536 11.1249
/1 ,- /1 /1 /1 /1
Reference/1 Red/Oak 0.94 0.93 0.92 0.94 0.0767 10.5853
Reference/2 Red/Oak 0.77 0.75 0.73 0.76 0.0627 10.5505
Reference/3 Red/Oak 0.74 0.72 0.68 0.56 0.0636 11.3273
Snow/Removal/1 Red/Oak 0.79 0.83 0.86 0.90 0.0723 10.8157
Snow/Removal/2 Red/Oak 0.89 0.84 0.81 0.72 0.0991 11.3898
Snow/Removal/3 Red/Oak 0.82 0.81 0.78 0.74 0.0698 11.0890
/1 ,- /1 /1 /1 /1
/1 ,- /1 /1 /1 /1
2012 Reference/1 Red/Maple 0.76 0.76 0.74 0.53 0.0555 11.0722
Reference/2 Red/Maple 0.58 0.61 0.64 0.65 0.0784 11.5479
Reference/3 Red/Maple 0.51 0.49 0.58 0.54 0.0641 11.0428
Snow/Removal/1 Red/Maple 0.55 0.53 0.49 0.45 0.0397 10.7339
Snow/Removal/2 Red/Maple 0.88 0.88 0.89 0.89 0.0734 11.4313
Snow/Removal/3 Red/Maple 0.51 0.51 0.47 0.48 0.0381 11.2342
/1 ,- /1 /1 /1 /1
Reference/1 Red/Oak 0.79 0.74 0.74 0.66 0.0700 10.7264
Reference/2 Red/Oak 0.74 0.74 0.77 0.73 0.0717 10.9716
Reference/3 Red/Oak 0.90 0.89 0.87 0.82 0.0902 12.0476
Snow/Removal/1 Red/Oak 0.69 0.68 0.72 0.69 0.0727 11.1323
Snow/Removal/2 Red/Oak 0.67 0.67 0.70 0.70 0.0459 10.8794
Snow/Removal/3 Red/Oak 0.77 0.77 0.74 0.77 0.0852 11.4859
/1 ,- /1 /1 /1 /1
/1 ,- /1 /1 /1 /1Soil/Respiration/Mean 3.0/±0.75b
2.2/±0.24ab
Red/Oak/Mean 2.1/±0.13ab
1.8±0.12a
2.3
1.6
2.1
2.5
2.0
2.0
1.7
2.1
1.9
2.5
3.3
1.9
2.2
Soil/Respiration/Mean 2.8/±0.12b
Red/Oak/Mean 2.1/±0.12a
2.0
2.7
2.1
1.9
1.7
Q10
Stem/Temperature/Offset Regression/Coefficients
Red/Maple/Mean
Red/Maple/Mean
1.5
2.1
1.5
1.9
2.2
1.7
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 Table 3.5. Response of growing season apparent Q10 of stem CO2 efflux to soil frost.  
 
Ecosystem Losses of CO2 from Tree Stems 
 We used the average of fluxes from all plots (n = 6) to estimate ecosystem losses 
of CO2 from tree stems because stem CO2 efflux per unit stem area and apparent Q10 did 
not vary significantly between reference and snow removal plots. Total growing season 
losses of CO2 from tree stems were 71.5 ± 5.8 and 55.0 ± 4.0 g C m-2 forest during the 
2011 and 2012 growing seasons, respectively, and these differences between years are 
significant (p = 0.04; Table 3.6; Figure 3.4). Red oak trees, red maple trees, and other 
species comprised approximately 47, 39, and 14%, respectively, of the total growing 
season losses of CO2 (up to 10 m stem height) from ecosystem scale stem efflux in 2011 
and 2012. Cumulative losses of CO2 from stem efflux increased linearly during the peak 
growing season (mid-June through early September) but approached an asymptote by fall 
(late-September; Figure 3.4), reflecting the positive correlation between stem efflux and 
sapwood temperature. 
Species Variable P,value R2LMM(m)
AUC y9= 0.0001 x 9+90.63 0.83 <0.01
Frost9Duration y9= 0.0152 x 9+90.55 0.14 0.13
Max.9Frost9Depth y9= ,0.0026 x 9+90.79 0.85 <0.01
AUC y9= 0.0002 x 9+91.94 0.31 0.12
Frost9Duration y9= 0.0033 x 9+91.79 0.61 0.03
Max.9Frost9Depth y9= 0.0256 x 9+91.79 0.27 0.14
Model9Form
Red9Maple
Red9Oak
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Table 3.6 Contributions of stem CO2 efflux (red oak trees, red maple trees, other species, 
and total) and soil respiration to ecosystem losses of CO2 during the growing season. 
Distinct lower-case letters denote significant differences between the components of total 
stem CO2 efflux and distinct upper-case letters denote significant differences between 
total stem efflux and soil efflux.  
 
ANOVA%P
Source 2011/v/2012
Red/Oak/SAefflux 33.3 ±/3.2
a 26.1 ±/2.9a 0.13
Red/Maple/SAefflux 28.5 ±/5.1
a 21.6 ±/3.4a 0.29
Other/SAefflux 9.7 ±/2.9
b 7.3 ±/2.0b 0.45
Total/SAefflux 71.5 ±/5.8
A 55.0 ±/4.0A 0.04
Soil/Efflux 1014.7 ±/100.9B 996.0 ±/53.6B 0.82
Growing/Season/Flux/(g/C/m%2/forest)
2011 2012
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Figure 3.4. Cumulative increase in stem efflux per unit ground area during the 2011 (top) 
and 2012 (bottom) growing seasons (May 1 to Oct 31) for red oak trees, red maple trees, 
other species, and the total (i.e. red oak + red maple + other species). Black lines indicate 
the mean of each category and the standard error of the mean is represented by gray lines 
with the same pattern as the category mean. Distinct lower case letters denote significant 
differences (alpha = 0.05) among red maple, red oak and other species. 
 
Comparisons of Stem CO2 Efflux and Soil Respiration 
The relative contribution stem efflux makes to ecosystem CO2 losses (soil 
respiration plus stem CO2 efflux) measured in these plots was highest in the spring and 
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fall and lowest in the summer. Cumulative growing season losses of CO2 from stem 
efflux per unit forest area were less than 10% of losses associated with soil respiration (P 
< 0.01; Figure 3.5; Table 3.6).   
 
Figure 3.5 Comparison of CO2 losses from stem efflux per unit ground area and soil in 
2011 and 2012. Each data point represents the mean of all six plots (three reference plots 
and three snow removal plots) for that sampling date. Error bars represent standard error 
of the mean.   
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Effects of Tree Size and Species on Stem CO2 Efflux 
  Because there was no significant effect of snow removal on rates of stem CO2 
efflux, we grouped all of the trees within both individual species (n = 12 red oaks, n = 12 
red maples) to quantify the relationship between DBH and stem CO2 efflux. There was 
considerable variation in the relationship between DBH and stem CO2 efflux with r2 
values ranging from 0.01 to 0.87 for red oak trees and 0.02 to 0.91 for red maple trees 
across individual sampling dates. The relationship between DBH and stem CO2 efflux 
across individual sampling dates tended to be weaker (mean r2 = 0.50 and 0.49 for red 
oak and red maple trees, respectively) than the relationship between DBH and the two-
year mean of stem CO2 efflux (hereafter ‘mean stem CO2 efflux’; r2 = 0.79 and 0.69 for 
red oak and red maple trees, respectively).  
Overall, mean stem CO2 efflux increased with DBH for both species up to a 
diameter of ~45 cm, and while few data points exist for larger trees, it appears that this 
trend reverses for trees over 45 cm DBH (Figure 3.6). The relationship between DBH and 
mean stem CO2 efflux was best described by a 3rd order polynomial for red oak trees 
(Stem efflux= -0.0002x3 + 0.0177x2 – 0.5193x + 5.619; P < 0.01), but was linear for red 
maple trees (Stem efflux = 0.0508x – 0.192; P < 0.01). The relationship between stem 
CO2 efflux and DBH was linear for red oak (r2 = 0.79) and red maple (r2 = 0.78) trees 
where there was overlap in tree size (21 to 34 cm DBH) and there were no significant 
differences in this linear relationship between the two species (ANCOVA P = 0.15; 
Figure 3.6).  
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Figure 3.6 Relationship between tree DBH and stem CO2 efflux. The solid and dashed 
lines represent the best-fit trendlines for red maples and red oaks, respectively. 
 
DISCUSSION 
 The results from this study highlight the measurable, but relatively small, 
contribution stem CO2 efflux makes to total ecosystem C losses in temperate deciduous 
forests and the lack of sensitivity of stem efflux to changes in winter climate. In the short-
term, stem CO2 efflux from red oak and red maple trees appears to be relatively 
insensitive to changes in soil frost. Variability in stem CO2 efflux across individual red 
oak and red maple trees was largely driven by DBH and there were no species-related 
differences in stem efflux between trees of comparable size. Furthermore, apparent Q10 
did not differ between red oak and red maple trees. Taken together, these results suggest 
that the growing abundance of red maple trees relative to red oak trees in forests of the 
northeastern U.S. (Thompson et al. 2013) will likely have no effect on rates of stem 
efflux. Relative to soil respiration (see Chapter 2), growing season rates of stem efflux 
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are small, but they make a measurable contribution (~7%) to total ecosystem CO2 losses. 
The proportion of ecosystem CO2 losses attributable to stem efflux relative to soil 
respiration is highest in the spring and fall (~14%) and lowest in the summer (~8%; 
Figure 3.5) which is likely due to the lower temperature sensitivity of stem efflux (~2) 
compared to soil respiration (~3; see Chapter 2 for more detail). 
 
Effects of a Reduced Winter Snowpack on Soil Frost  
Similar to findings from previous studies (e.g., Hardy et al. 2001), snow removal 
in this study decreased soil temperatures and increased the depth and duration of soil 
frost. However, the winter of 2011/12 had below average snowfall and above average air 
temperatures (Rasche 1958; Fitzpatrick et al. 2012) precluding any effect of snow 
removal on soil temperatures and frost depth. The difference in air temperature between 
the two winters (4.2 °C) was within the range of winter warming projected by the end of 
the 21st century for the northeastern U.S. (Hayhoe et al. 2007), providing insight into how 
soil frost dynamics might change in response to winter climate change. Despite the 
warmer temperatures and reduced snowpack in the winter of 2011/12, no differences in 
maximum soil frost depth were observed in the reference plots between the two years. In 
contrast, maximum soil frost depth in the snow removal plots was greater in 2010/11 than 
2011/12. While the relationship between climate change and soil frost is complicated, our 
results suggest that a reduced snowpack coupled with warmer air temperatures may not 
lead to a greater depth and duration of soil frost in this region, which supports projections 
for northern New England (Campbell et al. 2010) and Canada (Henry 2008). 
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Stem CO2 Efflux 
The lack of an effect of snow removal and soil frost on growing season rates and 
apparent Q10 of stem efflux is surprising given that soil frost has been shown to impair 
physiological processes in sugar maple trees such as root vitality (Tierney et al. 2001; 
Comerford et al. 2013), root nitrogen uptake (Campbell et al. 2014) and shoot elongation 
(Comerford et al. 2013). It is possible that the physiological drivers of red oak and red 
maple stem CO2 efflux are not adversely affected by increased depth and duration of soil 
frost in the short-term. Measurements for this study occurred following two winters of 
snow removal treatment, of which only the first resulted in an increased depth and 
duration of soil frost. Accumulated damage to red oak and red maple trees caused by soil 
frost may take longer to detect.  
Previous research suggests that damage incurred by trees in response to soil frost 
is manifested overwinter and in the early growing season and may be ameliorated by 
mid- and late-growing season (Tierney et al. 2001; Campbell et al. 2014). Subsequently, 
stores of C may be able to buffer against early growing season variations in C supply to 
stems and explain the lack of stem efflux response to increased depth and duration of soil 
frost. Non-structural carbohydrates stored in the stem wood of red oak and red maple 
trees accumulate over many years (Richardson et al. 2013). The “Last in First Out” 
hypothesis posits that the most recently stored non-structural carbohydrates will be the 
first utilized (Lacointe et al. 1993), but it is possible that if new substrate supply is 
reduced, demand in the stem could be met in the short term by stored non-structural 
carbohydrates. However, it is plausible that if soil frost impairs the ability of trees to 
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recharge stores of non-structural carbohydrates then several consecutive years of soil 
frost could result in a reduction of stem CO2 efflux. Increased reliance on stored non-
structural carbohydrates could potentially be detected in future studies by quantifying the 
C age of stem CO2 efflux (e.g., Muhr et al. 2013) since stressed trees are likely to rely 
more heavily on older reserves of non-structural carbohydrates (Lacointe et al. 1993; 
Richardson et al. 2013). 
Measurements of tree stem CO2 efflux have been reported in a variety of ways 
depending on the objective of the study and include CO2 efflux per unit stem surface area 
(Yang et al. 2012), ground area (Damesin et al. 2002), sapwood volume (Damesin et al. 
2002), wood mass (Cavaleri et al. 2006), and corrected to a particular stem temperature 
(e.g., 15 °C; Damesin et al. 2002; Cavaleri et al. 2006), making cross-study comparisons 
challenging. Furthermore, relatively few studies report rates of stem CO2 efflux for 
deciduous trees in temperate forests (see Litton et al. 2007). The range in stem efflux per 
unit stem area observed in this study is comparable to those measured from maple and 
oak trees in a temperate forest in China (Yang et al. 2012), but represent as little as one-
third of the rates reported for oak and red maple trees in Tennessee, USA (Edwards and 
Hanson 1996). Differences in estimates of stem efflux per unit surface area between the 
two studies could be due to higher sapwood temperatures and larger trees (especially red 
maple) measured by Edwards and Hanson (1996) compared to this one.   
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Variation in Stem CO2 Efflux Among Individual Trees 
The positive relationship between mean stem efflux and DBH is similar to those 
observed in temperate forests in China (Yang et al. 2012) and France (Damesin et al. 
2002). This finding may suggest that maintenance respiration, which is correlated with 
tree size (Edwards and Hanson 1996), is driving patterns of stem efflux at the seasonal 
temporal scale. However, the lack of a consistently strong relationship between stem CO2 
efflux on individual sampling dates and DBH suggests that at this finer temporal scale, 
cambial respiration associated with wood growth is driving patterns of stem efflux. 
Similarly, Edwards and Hanson (1996) found that the relationship between tree size and 
stem efflux varied seasonally and was weakest when cambial respiration drove stem 
efflux and strongest when maintenance respiration drove stem efflux.  
Since there were no differences in the apparent Q10 of stem CO2 efflux or rates of 
efflux for comparably sized red oak and red maple trees, it is likely that the variability in 
stem efflux across individual red oak and red maple trees is largely driven by differences 
in tree size rather than tree species. The lack of difference in stem efflux among tree 
species suggests that an increase in the relative abundance of red maple trees in forests of 
central New England (Thompson et al. 2013) will not introduce any significant changes 
in aboveground losses of CO2 from stem efflux unless there is a concurrent change in size 
distribution.  
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Ecosystem Losses of CO2 from Stem CO2 Efflux 
Results from this study indicate that stem CO2 efflux to a height of 10 m is an 
important CO2 flux, constituting up to 7% of total CO2 losses from stems and soil (see 
Chapter 2) in this forest and that snow removal has no short-term impact on the 
contribution stem efflux makes to ecosystem losses of CO2. While few studies have 
quantified ecosystem-scale losses of CO2 from stem efflux in temperate deciduous 
forests, the reported range of annual whole-tree stem and branch CO2 efflux is 145.8 to 
321.3 g C m-2 forest (Edwards and Hanson 1996; Damesin et al. 2002), which is 
approximately two to six times larger than the growing season estimates of CO2 losses 
from stem efflux presented here (55 ± 4.0 to 71.5 ± 5.8 g C m-2 forest). These differences 
are not surprising since the estimates reported in the present study are only for the 
growing season and represent stem CO2 efflux to a height of 10 m compared to the 
annual whole-tree estimates reported in previous studies. Furthermore, given the 
relationship between stem CO2 efflux and temperature, these discrepancies in efflux 
estimates are also likely related to the colder mean annual temperatures at Harvard Forest 
(7.1 °C) compared to those reported for Tennessee (Edwards and Hanson (1996; 13.3 °C) 
and France (Damesin et al. 2002; 9.2 °C). Scaling our estimates up to the whole tree, 
assuming that sub-canopy CO2 efflux is approximately half of the whole-tree stem and 
branch efflux (Damesin et al. 2002), yields an estimated range in whole-tree stem and 
branch CO2 efflux of 110 to 143 g C m-2 forest growing season-1. This estimate is 
equivalent to 34 to 98% of the annual flux estimated by Edwards and Hanson (1996) for a 
similarly aged oak (Quercus sp.) and red maple dominated forest in Tennessee, USA 
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(Edwards and Hanson 1996) and would be 11 to 14% of growing season estimates of 
total soil respiration measured in our plots at Harvard Forest.  
Using cumulative growing season estimates of stem CO2 efflux to a height of 10 
m presented here and published values from Harvard Forest eddy flux data for whole 
ecosystem C exchange (Urbanski et al. 2007) averaged from 1992 – 2004, we estimate 
that stem efflux to a stem height of 10 m comprises 5% of GPP, 23 to 26% of annual net 
C assimilation by these forests, 4.8 to 5.5% of annual ecosystem CO2 losses, and 6.4 to 
7.3% of growing season ecosystem CO2 losses in these forests. These values are similar 
to those reported by Edwards et al. (2002) who estimated that stem efflux accounted for 
5% of GPP in a young temperate deciduous forest (Liquidamber styracilua L. plantation) 
in Tennessee, USA.  
The proportional contribution of stem CO2 efflux to ecosystem CO2 fluxes (i.e. 
stem efflux to 10 m height and soil respiration) measured here was highest in the spring 
and fall (~14%) and lowest in the summer (8%; see Chapter 2), similar to the pattern 
observed in a tropical forest in the Amazon with distinct wet and dry seasons (Chambers 
et al. 2004). In our study, this pattern can be explained by the higher apparent 
temperature sensitivity (i.e. apparent Q10) of soil respiration than stem CO2 efflux. The 
apparent Q10 reported for soil respiration during the growing season (2.8 to 3.0; see 
chapter 2) is comparable to other values reported for Harvard Forest (2.5 to 3.5; Davidson 
et al. 2006). Growing season estimates of stem CO2 efflux apparent Q10 reported here are 
within the range reported in the literature for the growing season (1.2 to 3.0; see Damesin 
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et al. 2002), but lower than the dormant season apparent Q10 reported for oak trees (2.4) 
and higher than those reported for red maple trees (1.7; Edwards and Hanson 1996).  
Aubrey and Teskey (2009) estimate that nearly 50% of CO2 produced from 
belowground autotrophic respiration is transported in the xylem transpiration stream and 
can make important contributions to stem CO2 efflux (Trumbore et al. 2013; Bloeman et 
al. 2013; Aubrey and Teskey 2009). However, the stronger seasonality of soil respiration 
than stem efflux observed in this study may indicate that belowground respiration was 
not an important driver of red oak and red maple stem efflux. Furthermore, in comparable 
forest types at Harvard Forest, root respiration comprises approximately one-third of total 
soil respiration (Bowden et al. 1993) which equates to a CO2 flux of 287.3 g C m-2 in the 
present study, nearly five times the estimate of stem CO2 efflux reported here (55.0 to 
71.5 g C m-2). Therefore, unless a substantial proportion of CO2 in the transpiration 
stream bypasses the stem and is offgassed in the tree crown or is assimilated in the leaves 
via photosynthesis (Bloeman et al. 2013) it seems unlikely that the transpiration stream in 
this forest represents a large vent for root-respired CO2.  
 
Additional Considerations 
 Stem CO2 efflux is the product of numerous physiological processes that are 
influenced by temperature, substrate supply from photosynthesis and transport of CO2 in 
the transpiration stream (Trumbore et al. 2013). In the present study, we focused on the 
effects of changes in winter climate on stem CO2 efflux. However, ongoing working at 
this study site is investigating the importance of patterns in sap flow (Granier 1987), 
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photosynthetically active radiation, radial tree growth and root-rhizosphere soil 
respiration as drivers of stem CO2 efflux, which will improve (a) our understanding of 
spatiotemporal variability in stem efflux and (b) estimates of contributions of stem efflux 
to ecosystem losses of CO2. 
 
CONCLUSIONS 
The results from this study provide insight into the importance of stem CO2 efflux 
to ecosystem CO2 fluxes, and to our knowledge, is the first study to examine the potential 
effects of reduced winter snowpack and increased soil frost on aboveground CO2 fluxes 
in a forest ecosystem. In contrast to previous studies that have documented short-term 
adverse effects of soil frost on above- and belowground aspects of tree physiology, we 
found no evidence that depth and duration of soil frost play an important role in growing 
season stem CO2 efflux from red oak or red maple trees. These results suggest that, in the 
short-term, an increase in the depth and duration of soil frost are unlikely to alter C 
storage in temperate deciduous forests through changes in CO2 losses from stem efflux. 
We found that variation in stem CO2 efflux across individual trees was largely 
driven by differences in tree size rather than species. Furthermore, apparent Q10 of stem 
CO2 efflux during the growing season was ~2.1 for both red oak and red maple trees 
suggesting that shifts in species composition without a concurrent change in size 
distribution in these forests may not have an important effect on CO2 efflux from the 
lower 10 m of tree stems. Stem CO2 efflux per unit ground area to a height of 10 m 
makes a small contribution (< 10%) to ecosystem CO2 losses relative to soil respiration in 
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these forests, but is an important flux (23 to 26%) relative to net annual CO2 assimilation 
and therefore should be considered an important CO2 flux in forest ecosystems. 
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CONCLUSIONS 
The results of my dissertation research highlight the importance of winter climate 
as a driver of C and N fluxes in northeastern forests and suggest that while soil frost 
reduces C and N losses during snowmelt, annual losses of CO2 may increase. I combined 
laboratory and field experiments to quantify the effects of reduced snowpack and 
increased soil freezing on C and N cycling in northeastern forests. Using a laboratory 
experiment in Chapter 1, I demonstrated that soil frost significantly affects the cycling of 
C and N in Acer sccharum-Fagus grandifolia and Picea rubens-Abies balsamea forest 
ecosystems during the snowmelt period (Reinmann et al. 2012). Severe soil frost (-15 ºC) 
reduced losses of C, NH4+, and NO3- compared to unfrozen soils during snowmelt, but I 
found no significant impact of mild soil frost (-0.5ºC), which suggests that severity of 
soil frost plays an important role in potentially reducing losses of C and N during spring 
snowmelt. Results of this work are limited since it was a laboratory study, but the 
differences I found suggest that severe soil frost (-15 °C) may lead to lower losses of C 
and N during the snowmelt period equivalent of up to 4.6% of C and 22% of N exported 
annually from the forest floor of northern forests (Fahey et al. 2005; Dittman 2007). The 
results from this experiment also indicate that the extent to which C and N cycling during 
snowmelt is altered in response to changes in winter climate likely depend on both the 
presence of soil frost and the temperature to which soils freeze.  
During the two-year snow removal experiment at Harvard Forest (Chapters 2 and 
3), snow removal coupled with a cold, snowy winter in 2010/11 and a comparatively 
warm, low snow winter in 2011/12 resulted in a range of snowpack and soil frost 
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conditions. Snow removal led to increased depth and duration of soil frost, as well as 
colder soil temperatures, in the first winter. In contrast, snow removal had no effect on 
soil temperature in the second winter. Despite the warmer temperatures and reduced 
snowpack in the winter of 2011/12, winter soil temperatures were significantly colder in 
the reference plots of 2011/12 than 2010/11 (p = 0.02). However, maximum soil frost 
depth in the snow removal plots was greater in 2010/11 than 2011/12. The difference in 
air temperature between the two winters (4.2 °C) was within the range of winter warming 
projected by the end of the 21st century for the northeastern U.S. (Hayhoe et al. 2007), 
providing insight into how soil frost dynamics might change in response to winter 
climate change.  
Results from the snow removal experiment suggest that while many factors 
influence soil respiration, my results suggest that a longer duration of soil frost in winter 
increases R10 of total soil respiration by up to 30% annually and 90% during spring, and 
these patterns translate into a nearly significant trend for greater soil CO2 efflux at the 
annual time scale. Increases in R10 are likely mediated by the root-rhizosphere response 
to soil frost that appears to be partially offset by large reductions in apparent Q10 of soil 
respiration with increasing soil frost duration. I documented slower spring ramp-up in 
total and bulk soil respiration in response to a longer duration of soil frost in the previous 
winter, which I attribute to reductions in apparent Q10 of soil respiration. There was no 
significant response of bulk or root-rhizosphere soil respiration to snow removal or soil 
frost, but there was a nearly significant 27% increase in annual rates of total soil 
respiration with increasing AUC (p = 0.06).  
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In contrast to the response of soil CO2 fluxes, stem CO2 efflux from red oak and 
red maple trees appears to be relatively insensitive to reductions in snowpack and 
increases in soil frost (Chapter 3). Variability in stem CO2 efflux across individual red 
oak and red maple trees was largely driven by DBH and there were no species-related 
differences in stem efflux between trees of comparable size. Furthermore, apparent Q10 
did not differ between red oak and red maple trees. Taken together, these results suggest 
that the growing abundance of red maple trees relative to red oak trees in forests of the 
northeastern U.S. (Thompson et al. 2013) is unlikely to affect rates of stem CO2 efflux. 
Relative to soil respiration, growing season rates of stem efflux are small, but they make 
a measurable contribution (~7%) to total ecosystem CO2 losses. The proportion of 
ecosystem CO2 losses attributable to stem efflux relative to soil respiration is highest in 
the spring and fall (~14%) and lowest in the summer (~8%), which is likely due to the 
lower temperature sensitivity of stem efflux (~2) compared to soil respiration (~3). 
In summary, my dissertation research highlights the sensitivities of C and N 
fluxes in forests of the northeastern U.S. to winter climate conditions. The projected 
reductions in snowpack depth and greater severity of soil freezing in northeastern forests 
may lead to decreased losses of C and N losses during spring snowmelt. To my 
knowledge, this was the first study to investigate the effects of reduced snowpack and 
increased soil freezing on the separate response of bulk and root-rhizosphere soil 
respiration and CO2 efflux from tree stems in a temperate deciduous forest. Results 
suggest that, in the short-term, increased soil freezing may increase belowground losses 
of CO2 with no effect on stem CO2 efflux. The net effect of increased soil freezing 
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severity could be increased annual losses of CO2 from temperate deciduous forests. 
Future studies investigating controls on C and N cycling in northeastern forests should 
account for changes in winter climate.
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Ecosmart Healthy Properties, LLC., New York, NY, July-August 1999 
Intern with environmental consulting for sustainable development; responsible for 
organizing public outreach campaigns and designing kiosk displays. 
Research Assistant, Binghamton University, Binghamton, NY, May-June 1999 
Worked with Dr. Anne Clark and M.S. student, Michelle Brandt on behavior of red-
winged blackbird and interpretation of their vocalizations.  
Leadership and Outreach Experience: 
2012  Co-founded Boston University Advocates for Literacy in Environmental 
Sciences  
Graduate student group forum where graduate students actively 
engage in a cross-disciplinary dialogue to foster the interpretation, 
communication and development of policy-relevant environmental 
research. 
• President during 2012-2013 academic year 
• Winner of 2012-2013 Excellence in Student Activities Award 
2012   Lobbied congress to support federal funding of the sciences  
Participated in Congressional Visits day in conjunction with the 
American Institute of Biological Sciences Emerging Public Policy 
Leadership Award program 
2011 BU alumni education demonstration (Climate change/Forest ecology 
research) 
Participated in Boston University Sustainable Neighborhoods Lab 
Alumni Showcase 
2011  Public education demonstration (Carbon dioxide and the breathing forests)  
Participated in Boston Carbon Day event in Boston, MA  
2011  Educated members of congress about my dissertation research 
In conjunction with the U.S. EPA Science to Achieve Results 
Fellowship program 
2009 to Pres   Mentored students working in the Templer Lab at Boston University 
  Mentored students through Boston University Summer          
Undergraduate Research Fellowship (SURF) Program, 
Undergraduate Research Opportunities Program (UROP), and 
Research Internship in Science and Engineering (RISE) Program for 
high school students. 
2008              Initiated a project to enable municipalities to develop policies that allow 
for necessary growth while mitigating climate change through land-use    
management  
2000/01          Led a joint student/community campaign to preserve a 400 acre forest        
  
148 
 
 
Peer-Review Experience: 
Served as referee for Environmental Research Letters, Global Change Biology, 
Perspectives in Plant Ecology and Evolution, Tree Physiology and New Phytologist 
 
Professional Affiliations: 
2010- present Ecological Society of America member 
2003-present Society of American Foresters member  
 
Selected Presentations: 
Reinmann, AB and PH Templer. Effects of winter climate change on tree stem CO2 
efflux in a mixed-hardwood forest: Implications for carbon storage. Ecological 
Society of America Annual Conference in Minneapolis, MN. August 2013. Oral 
presentation. 
Reinmann, AB and PH Templer. Effects of changes in winter snowpack on above- and 
belowground carbon fluxes in a mixed-hardwood forest. Ecological Society of 
America Annual Conference in Portland, OR. August 2012. Oral presentation. 
Reinmann, AB and PH Templer. Impacts of a reduced winter snowpack on soil and stem 
carbon dioxide fluxes in a temperate hardwood forest. American Meteorological 
Society Conference on Agricultural and Forest Meteorology in Boston, MA. May-
June 2012. Poster Presentation. 
Reinmann, AB and PH Templer. Impacts of soil freezing on fluxes of CO2, CH4, and 
N2O from northern forests during snowmelt: A microcosm study. Ecological Society 
of America Annual Conference in Pittsburgh, PA. August 2010. Oral presentation. 
Reinmann, AB, PH Templer, and JL Campbell. Effects of soil freezing on C and N 
fluxes from northern forests during snowmelt: A microcosm study. The 46th Annual 
Hubbard Brook Cooperator’s Meeting. July 2009. Oral presentation.  
Peer-reviewed Publications and Technical Reports: 
Published Manuscripts 
Campbell JL, Reinmann AB, and Templer PH. 2014. Soil freezing effects on sources of 
nitrogen and carbon leached during snowmelt. Soil Science Society of America 
Journal 78: 297-308. 
Reinmann, AB, Templer, PH, and Campbell JL. 2012. Severe soil frost reduces losses of 
carbon and nitrogen from the forest floor during simulated snowmelt: A laboratory 
experiment. Soil Biology and Biochemistry 44: 65-74. 
Templer, PH and Reinmann, AB. 2011. Multi-factor global change experiments: What 
have we learned about terrestrial carbon storage and exchange? New Phytologist 192: 
797-800. 
Meyer, A. and Reinmann, AB. 2008. Stonewalls and Fireflies: Spring and Summer on 
Schunnemunk Mountain. News from Hudsonia 22(2):3. 
Tabak, N. and Reinmann, AB. 2007. Bogs, bluffs, and barrens: Habitat mapping in the 
Hudson Valley. News from Hudsonia. 
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Reinmann, AB. and Stevens, G. 2007. Ecologically significant habitats in the Town of 
Rhinebeck, Dutchess County, New York. Report to the Town of Rhinebeck and the 
Dyson Foundation. Hudsonia, Ltd., Red Hook, NY. 138 p. 
Reinmann, AB. 2006. Effects of harvesting on nutrient cycling, red spruce radial growth 
and dendrochemistry 30 years after harvesting in northern Maine. M.S. Thesis. Univ. 
of Maine, Orono. 97 p. 
Manuscripts in Preparation 
Reinmann, AB, LS Kenefic, IJ Fernandez, and WC Shortle. Dendrochemistry and soil 
characteristics 30 years after partial harvesting in spruce-fir stands in northern Maine. 
In preparation. 
 
